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Abstract
Multi walled carbon nanotubes (MWCNTs) possess properties that make them par-
ticularly relevant for sensing applications in both the gas and liquid phase. This
study presents an evaluation of cheap readily available CVD grown MWCNTs for
use as fire gas sensors. Current fire detectors exploit heat and smoke detectors and
it is hoped that the inclusion of gas detectors will increase the speed and reliability
of detection.
In order to prepare a variety of different MWCNTs a range of CVD synthesis were
employed including an injected catalyst method where MWCNTs grew in dense
mats from quartz substrates, MWCNTs were also synthesised using a sputtered Fe
catalyst layer with acetylene as the carbon source which enabled control over the
positioning of the growth. In each case, the growth parameters were varied until
aligned growth was achieved. Doping of MWCNTs was also carried out as this may
enhance and enable some control over the electrical properties of the CNTs; nitrogen
was also added as a dopant by including 1,4-diazine as a precursor, and the effects
on morphology of the MWCNTs produced were studied.
The chemistry of the surface is also known to affect the sensing properties of CNTs.
A batch of MWCNTs produced via the injected catalyst method were purified by
acid reflux, base washing and high temperature vacuum annealing, then modified
with platinum or palladium metal nanoparticles via a reduction of the metal salts
under hydrogen. MWCNTs were also coated with the polymer polyethyleneimine
and with copperphthalocyanine.
Prototype sensor devices were fabricated by electrophoretic deposition of these mod-
ified MWCNTs, and gas testing was carried out with the gases NO2, NH3, CO, H2
and C3H6. The mechanisms of sensing were investigated by repeating the tests at
different temperatures, which revealed which sensing mechanisms were dominant
and responses were compared between the differently modified MWCNTs. Sensor
response was also investigated with a series of vapours to probe the dispersive and
polar interactions on the MWCNT walls.
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Chapter 1
Introduction
The early detection of fires is essential to save lives and property, and differentiating
between real fire situations or false alarm situations may also save lives in areas which
are difficult or impossible to evacuate, for example intensive care wards of hospitals.
Conventional fire detectors such as ionisation and optical detectors measure particle
density, and may be coupled with a temperature sensor to detect the heat produced
in a fire situation. The temperature and smoke density depends on the combustion
material and the levels of oxygen which control the type of combustion, for example
the combustion of ethanol can occur with no release of smoke particles. In the early
stages of fires smoldering combustion is often dominant and this can produce a low
density of smoke particles and may provide only weak thermally driven air flow,
which can result in a slow detection speed by conventional smoke detectors[23]. The
detection of fire gases either alone or in combination with a physical property such as
temperature and particle density can, in principle, provide faster and more reliable
detectors. The detection of fire gases is particularly relevant for early fire detection
as fire gases may be produced in the early smoldering stages of fires before smoke
particle generation becomes substantial. Gases can diffuse faster which aids transfer
across convective flows and transport around a room to a point detector. Smoke
particles are limited to carriage by convection currents[23]. The gases relating to
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Figure 1.1: Electrochemical cell similar to those is current use in commercial fire
detectors [1]
combustion processes that are particularly relevant are carbon monoxide, carbon
dioxide, nitrogen oxides, water vapour, amines and hydrogen as well as alcohols
and aldehydes[24]. However, the composition of the fire gases depends greatly on
the combustion materials. Carbon monoxide sensors are presently fitted to some
fire detectors and are based on electrochemical cells which provide a linear response
down to low ppms levels of CO and operate without heating which minimises power
requirements. At present, the cost of these Pt based cells limits their widespread
application. A CO sensitive electrochemical cell similar to those used commercially
in fire detectors is shown in Figure 1.1.
Carbon nanotubes have been shown to be sensitive gas sensors to both electron
donating and electron withdrawing molecules at room temperature[10]. Room tem-
perature detection is an advantage for sensors in fire detection units as only low
power supply to a heater is required. Recent carbon nanotube gas sensor studies
have utilised the comparatively easily produced multiwalled carbon nanotubes[9].
As methods of producing high quality CNTs in ever larger quantities become more
reliable[25], and processing techniques develop, the cost of CNT materials decreases.
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1.1 Aims and Objectives
The aim of this body of work is to produce MWCNTs and investigate their prop-
erties as sensing material for low temperature fire gas sensor applications. When
producing MWCNTs and designing MWCNT sensors, not only should the response
in comparison to existing fire gas detectors be investigated but also the cost and
possibility for bulk production should be taken into account.
The main objectives are listed below;
To produce MWCNTs in bulk quantities using a large scale CVD method: The
production method and parameters are required to reproducibly produce MWCNTs
with well defined properties. The effect of varying growth parameters on the growth
of the MWCNTs will be studied.
To investigate suitable methods of purifying and modifying the MWCNTs with
materials which may enhance the sensing properties of the MWCNT material in
order to synthesize a range of different CNT materials for gas testing.
To compare suitable ways of integrating the MWCNTs into a sensor device, and
finally, the comparison of the gas sensing properties of the purified and modified
MWCNT sensors, and an investigation of the mechanisms of sensing of the different
MWCNT materials will be undertaken.
Chapter 2
Background Theory
2.1 The history of the field of carbon nanotubes
Carbon nanotubes have been studied as early as there were microscopes that could
discriminate them and were noted by several electron microscopists who were study-
ing carbonaceous deposits. Clear images of pristine carbon nanotubes (CNTs) were
published by Oberlin et al. in 1976[2](See Figure 2.1). There are earlier reports
of tubular carbon structures notably in an article published in 1955 regarding the
decomposition of carbon monoxide with transition metal catalysts, where defective
CNTs were imaged and shown to be the carbon form responsible for causing the
clogging of catalysts[26]. The carbon deposits were identified as tubules and as the
field of nanotechnology was unknown, the tubules were described with a diame-
ter expressed in units of millimicrons. CNTs were imaged even earlier in 1953 by
scientists in who were studying deposits in blast furnaces in the Potteries[27], how-
ever they were not recognised to be tubular, being described as ‘carbon vermicules’.
There is also evidence that MWCNTs occur naturally, with clear TEM images of
MWCNTs discovered in an ice core from Greenland[28]. The ice core findings gave
a snapshot of atmospheric particulates approximately 10,000 years ago.
Despite this early knowledge of CNTs interest in the field within the general scien-
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Figure 2.1: Carbon nanotubes imaged by Endo in 1976[2]
tific community did not develop until 1991 when Ijima’s letter to Nature sparked
widespread interest and an explosion in the volume of literature published on the
topic[29]. Ijima had been trying to make fullerenes (C60) which had been discov-
ered by Kroto in 1985[30]. Fullerenes are one dimensional hollow spheres of carbon
made of fused hexagons and pentagons, which resemble a football. Fullerenes are
described as a zero dimensional allotrope of carbon. The other allotropes of carbon
are diamond which is three dimensional and graphite which is composed of stacked
two dimensional graphene sheets, which left a one dimensional allotrope of carbon
remaining undiscovered. Ijima was the first to attach this one dimensional relevance
to the carbon tubes he saw under his microscope. Figure 2.2 shows TEM images
of the CNTs that Iijima studied. The CNTs are typically many µm in length and
only a few nm in diameter leading to their 1D approximation. Since the recognition
of the CNT as a new carbon allotrope[29] there has been a widespread interest in
utilising the unique properties of this nanomaterial for a wide range of applications.
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Figure 2.2: TEM images of MWCNTs as imaged by Iijima
Electron micrographs of microtubles of graphitic carbon. parallel dark lines
correspond to the(002)lattice images of graphite. A cross-section of each tubule is
illustrated. a, Tube consisting of five graphitic sheets, diameter 6.7nm. b,
Two-sheet tube, diameter 5.5nm. c, Seven-sheet tube diameter 6.5nm, which has
the smallest hollow diameter (2.2nm)[29]
2.2 Structural properties of carbon nanotubes
The basic structure of a CNT is a hollow cylindrical tube of graphitic carbon[29] of-
ten closed of by caps of various shapes which are theoretically envisaged as fullerenic
hemispheres. As can be seen from the transmission electron micrographs in Figure
2.2 there may be a single cylinder which is known as a single walled carbon nanotube
(SWCNT), or the cylinders may be nested to form concentric shells which are known
as multi walled carbon nanotubes (MWCNT). The inter-sheet distance between the
MWCNT shells is 0.344 nm and hence very similar to the inter-layer distance in
graphite[31]. SWCNTs have a huge surface area per unit volume or weight, and
find stabilisation by forming bundles, these bundles have huge Van der Waals forces
which hold them together making it very difficult to separate the individual tubes.
Figure 2.3 which shows a TEM image of about 100 SWCNTs forming a bundle.
The CNT structure can be considered to derive from a graphitic structure by rolling
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Figure 2.3: Bundle of ∼ 100 single walled carbon nanotubes[32]
up individual graphene sheets to form closed shells. This is a lower energy structure
than a graphene sheet due to the reduction of dangling bonds at the edges of the
sheet this reduction in energy counteracts the increase in energy due to curvature
induced strain. Each CNT shell consists of a hexagonal lattice of sp2 hybridised
carbon atoms with a delocalised electron system[33].
It is theoretically possible to roll up the graphene layer at different angles so it
forms a CNT. Two of the possible structures are non chiral, with the hexagonal or
honeycomb lattice of the graphene layer running vertically up and down the CNT.
These structures are known as armchair and zigzag. The other ways of rolling the
graphene sheet result in chiral structures with the honeycomb lattice appearing to
spiral around the CNT. These structures are known as chiral or helical structures[34].
The helicity of the CNTs determines their electronic properties[33], which are impor-
tant properties for sensing applications. The armchair, zigzag and helical SWCNT
structures are shown in Figure 2.4
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Figure 2.4: Molecular models of SWCNTs exhibiting different helicities
Molecular models of SWCNTs exhibiting different helicities:(a) armchair
configuration, (b) zigzag arrangement, and (c) chiral conformation[35]
2.3 Electrical properties of single walled carbon
nanotubes
2.3.1 Effect of CNT helicity on electronic properties
Because the graphene lattice can be rolled up at different angles, the atomic ar-
rangement of the carbon nanotube can most simply be described by defining the
diameter (d) and a chiral angle θ [36]. The different structures of CNTs can then be
described by the chiral vector ( ~Ch) which is defined by the integers (n, m), and the
basis vectors ~a1 and ~a2 of the honeycomb lattice and otherwise termed the ‘roll-up’
vector. ~Ch = na1 + ma2 ≡ (n,m) and | ~Ch | = d. The honeycomb lattice and chiral
vector is demonstrated in Figure 2.5.
If the chiral vector lies along the Armchair line with m=0 and the chiral angle (θ)
= 0◦, then the SWCNT will be an armchair CNT. If m=n, so θ = 30◦, the CNT
will be a zigzag CNT. Otherwise, if ~Ch is equal to any other angle (n 6= m) then the
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Figure 2.5: Schematic of a two-dimensional graphene sheet illustrating lattice vectors
~a1 and ~a2, and the roll-up vector ~Ch na1 ma2. The limiting cases of (n,0) zigzag and
(n,n) armchair tubes are indicated with dashed lines.[37]
CNT will be helical[37].
Electronic band structure calculations[38, 39]predict that the (n,m) indices deter-
mine the metallic or semiconducting behaviour of SWNTs. It is suggested that all
armchair CNTs are metallic and other CNTs are either semiconducting or metallic
if (2m + n)/3 is an integer. The depandance of electronic properties of SWCNTs
on (m,n) is shown in Figure2.6.
The deviation of the electronic properties of CNTs compared to semimetallic graphene
sheets is due to quantum confinement of the electrons to the graphene monolayer of
the SWCNT which results in the restriction of the propogation of the electrons to
the axis of the CNTs. The number of allowed wave vectors around the circumfer-
ence of the CNT are quantised and must take a discrete set of values, the number
of allowed wave vectors is dependent on the diameter of the CNT with more wave
vectors allowed as d increases.[40]
A metallic SWCNT will have a finite density of states(DOS) at the Fermi level (EF )
whereas a semiconducting SWCNT will have a DOS = to 0 at EF so a band gap
should be seen. Figure 2.7 shows the calculated DOS for a 10,10 armchair SWCNT
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Figure 2.6: Graphene sheet along with the pairs of integers(n,m) which specify chiral
vectors Ch. The zigzag and armchair SWCNTs are marked. The circled dots denote
metallic SWCNTs and the small dots are semiconducting SWCNTs[34, 36]
and for a 16,0 zigzag SWCNT. The peaks are the allowed discrete energy levels
which arise from the 1D confinement and are called Van Hove singularities. [3]
Electronic characterisation of SWCNTs followed shortly after their discovery, with
the first characterisation of bundles of SWCNTs reported in 1997 [41, 42] Shortly
thereafter individual SWCNTs and field-effect transistors made of semiconducting
SWCNTs were measured[43, 44]. Those measurements confirmed the theoretical
predictions that individual SWCNTs exhibit either metallic or semiconducting be-
haviour. Measurements of conductivities in nanotubes also showed p-type (hole
conducting) behaviour in semiconducting nanotubes. This was attributed to Shot-
tky barriers with metallic contacts or adsorption of oxygen onto the tube walls or
the junctions with the contacts[43, 44]. The relationship between helicity and elec-
tronic properties was collaborated with scanning tunneling microscopy (STM) which
can simultaneously resolve both the atomic structure and the electronic density of
states[45, 37]. Figure 2.8 shows STM images from metallic and semiconducting
CNTs and their corresponding calculated normalised conductance and measured I/V
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Figure 2.7: Calculated DOS for armchair and zigzag SWCNTs showing spikes known
as Van Hove singularities[3]
curves at 77K[37] The current voltage characteristics of the semiconducting SWCNT
show a very small current for -300mV ≤ V ≥ +400mV, but increases sharply when
the voltage in increased further, this is consistent with the calculated m,n of the
SWCNT of (14,-3). As (2m-n)/3 is not an integer the SWCNT is not expected
to be metallic. STM measurements and corresponding STS confirmed theoretical
predictions that the band gap of SWCNTs reduces with increasing diameter[46]
2.3.2 Effect of gas adsorption on electric properties of CNTs
SWCNTs have been shown to be p-type conductors which was attributed to Shottky
barriers with metallic contacts or adsorption of oxygen on to the tube walls or the
junctions with the contacts[43, 44]. Collins et al.[4] demonstrated that the p-type
nature of CNTs was indeed due to adsorption of atmospheric oxygen. Figure 2.9
shows the sensitivity of the electrical resistance R of SWCNT films to gas exposure
12 Chapter 2. Background Theory
(a)
(b)
Figure 2.8: Atomic structure and spectroscopy of metallic and semiconducting SWC-
NTs
a) shows an STM image of a SWCNT on the surface of a rope of SWCNTs, The
black line indicates the tube axis and the zigzag direction is indicated with a
dashed line and a portion of a two-dimensional lattice is overlaid to highlight the
atomic structure. The corresponding calculated normalised conductance and
measured I-V(inset) is shown to the right.
b) shows a STM image from a semiconducting SWCNT and its corresponding
calculated normalised conductance and measured I/V curves[37]
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Figure 2.9: Effect of exposure to oxygen on CNT resistance[4]
at a temperature of 280K. The CNT resistance switched by 10 to 15% as the chamber
surrounding the sample was alternatively flooded with air or evacuated. Identical
results were obtained if pure dry oxygen was used rather than air, indicating that
oxygen was the source of the effect. Likewise changing the chamber purge gas
between oxygen and any inert gas resulted in similar changes in resistance[4].
2.4 Electrical properties of MWCNTs
It is generally believed that charge carrier transport in multiwalled CNTs occurs
primarily through the outermost shell[47]. Theoretical studies perpendicular to
the CNT axis have predicted significant coupling between the adjacent concentric
graphene layers in multiwalled CNTs even in the absence of defects[48]. Experi-
mental difficulties in attaching electrical contacts to adjacent CNT shells have made
verification of intershell transport difficult. Collins et al.[49, 50, 51] partially burnt
off the outer shells of MWCNTs with a high current injection and made contacts
between adjacent shells. The authors found conduction between up to 10 shells,
however the CNTs are likely to contain defects from the current injection which
may be responsible for the intershell coupling.
The band gap of semiconducting SWCNTs has an inverse dependence on the diame-
ter 1/d2 and has been shown to be independent of the chiral angle[46, 40]. MWCNTs
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are larger than single walled nanotubes, usually in the range 3-100nm. As the di-
ameter of the nanotubes increases the 1D features become less distinct and the
electronic properties will resemble those of graphene more closely. The bandgap of
a semiconducting CNT of diameter 50nm is thought to be negligibly low (∼1.5meV)
to cause rectification[52] Even with conductivity between up to 10 shells, for a large
diameter MWCNTs the outermost 10 shells are likely to have band gaps too small
to cause deviation from semimetallic behaviour.
Langer et al.[53] described MWCNTs as behaving like rolled up graphene sheets
with an electrical conductivity similar to semimetallic crystalline graphite at room
temperature or higher, with an energy band overlap similar to bulk graphite. As in
graphite [3], MWCNTs have been calculated to contain both holes and electrons but
at room temperature generally show a metallic behavior with electrons as majority
carriers due to the overlapping conduction and valence bands which varies with
nanotube diameter and helicity [3, 54]. MWNTs can show conductivity values in the
semiconducting range [55]. The presence of defects may also reduce the conductivity
of MWNTs[3]. Defects result may result in MWCNTs like SWCNTs demonstrating
a range of resistances despite the reduction or disappearance of a band gap due to
their large diameter.
2.5 Growth of CNTs
Both multi walled and single walled carbon nanotubes can be produced by a variety
of different methods. There is a great number of possible and current applications
of carbon nanotubes, such as in polymer composites, field emission sources, gas
storage, solar cells sensors and actuators and batteries, which is by no means an ex-
haustive list. Some of these applications require high quality CNT with controlled
(m,n) whilst for others such as composite materials it is necessary to produce bulk
quantities of CNTs with uniform and controlled properties. The techniques suitable
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for producing CNTs are generally split into high temperature and low temperature
methods. The main high temperature methods include laser vaporization of graphite
targets, and arc discharge between graphite electrodes. These high temperature
methods produce very crystalline CNTs, however, products are contaminated with
large amounts of amorphous carbon, and require extensive purification. The most
common low temperature method is chemical vapour deposition (CVD) sometimes
known as catalysis CVD which uses a hydrocarbon, or carbon monoxide as a carbon
source and also requires a metal catalyst which allows CNTs to grow at relatively
low temperatures, typically 700-900℃, with plasma enhanced CVD reaching even
lower temperatures. Of all the different methods of producing CNTs (many more
than are discussed here), CVD is by far the most capable of the current methods of
producing copious amounts of CNTs. CVD is also capable of producing relatively
pure CNTs with very little contamination with graphitic nanoparticles. Compared
to arc discharge and laser evaporation which are based on the evaporation of carbon,
CVD requires much lower temperatures, enabling substrate based growth. Lower
temperature synthesis can lead to lower quality CNTs and an increase in the con-
centration of defects seen in the CNT walls. However, under optimal conditions[25]
it has been possible to bulk produce CNTs with a relatively low defect ratio and
very little other carbonaceous contamination, which is an issue with arc discharge
produced CNTs.
The injected catalyst CVD method does not require a pre-deposited catalyst, as a
metallocene catalyst is injected with the carbon source, and benefits from a large
growth area as growth occurs on any suitable substrate[56]. At higher temperatures
this method is often referred to as a floating catalyst method as there is no need for
a growth substrate and benefits from an almost continuous production of entangled
CNTs[57]. At lower temperatures, this method can also produce gram quantities of
CNTs needing only a suitable substrate without a catalyst layer[25].
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2.5.1 CVD growth of MWCNTs
After Iijima’s letter sparked widespread interest in CNTs as a one dimensional form
of carbon[29] many methods for producing CNTs were investigated. CVD growth
of CNTs was recognised by Yacaman et al.[56] who grew CNTs by flowing acetylene
over Fe impregnated graphite at 700℃. In 1999 Dai et al. used a CVD growth
method to produce aligned column structures from patterned metal catalysts on
Si[58]. This CVD method only enabled the small area where catalyst particles
were pattered to support growth, resulting in low CNT yields. Andrews et al.[59]
developed a CVD method whereby the catalyst was injected into a furnace with the
carbon source, which then vapourised to form the precursors for CNT growth. This
approach eliminates the need for preformed substrates as the CNTs grow in aligned
mats from the walls of the quartz furnace tube and any other suitable surfaces. The
aligned CNT mats grown by Andrews et al.[59] were noted to be more disordered at
the tips of the CNT mats and straighter throughout the body. Optimal parameters
using this method for achieving uncontaminated, straight and aligned growth were
investigated by Singh et al.[25, 60]. The authors suggested a base growth mechanism
as large catalyst particles found at the base of the CNTs. The growth rate of the
CNT mats decreased rapidly after four hours of growth which was attributed to the
thickness of the CNT mat hindering the diffusion of the precursors to the catalyst
particles at the base of the CNT mats. A base growth mechanism for CNTs grown
in this manner was also suggested by Pinault et al.[61] who started and stopped
injection growing sequential mats where each began to grow under the last.
2.5.2 Growth mechanisms of CNTs
The growth mechanism of CNTs is usually described in terms of the Vapour Liquid
Solid (VLS) model, which was first proposed by Wagner and Ellis in 1964[62] to
account for the growth of Si whiskers. Tibbetts in 1984[63] also suggested this model
to account for tubular carbon growth. In the VLS model of growth, the formation
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of carbon filaments proceeds via catalytic decomposition and dissolution of carbon
vapour into the catalytic metal particle, followed by precipitation of carbon in excess
at the surface of the particle. Tibbets explained the formation of tubular carbon
structures rather than rod-like structures due to the reduction in energy of a curved
graphitic outer surface. They also calculated that it is energetically favorable for
the carbon filament to create a hollow core rather than precipitate highly strained
cylindrical planes of small diameter.
2.5.3 High temperature CNT growth mechanism
This VLS model was adapted to explain CNT growth by Saito et al.[64] to explain
the formation of sea urchin type single walled carbon nanotube structures grown
during high temperature arc evaporation (see Figure 2.10). Saito used this growth
model to describe extruded straight concentric cylinders in a high temperature CVD
method, where the carbon was dissolved into the liquid metal catalyst particle, then
precipitated on saturation to either form nanoball or nanotube structures[64]. Saito
et al.[65] also described the growth of a CNT with a bamboo like appearance using
the VLS model. The CNT described had a herringbone structure where the graphene
layers are stacked and not continuous, (see Figure 2.10). These CNTs, consisting
of a chain of hollow compartments that are spaced at nearly equal separation had
one end capped with a needle-shaped nickel particle, with the other end empty.
The authors observed that the shape of each compartment is quite similar to the
needle-shape of the Ni particle at the tip, and they suggested that the Ni particle
was once at the cavities. The authors postulated that after some graphitic layers
were formed, the Ni particle jumped out of the graphitic sheath to the top of the
tube, suggesting that the lengthening of these CNTs goes on intermittently.
CNTs are usually capped structures with the cap made up of hexagons and pen-
tagons as in a fullerene molecule. The smaller size of the pentagons induces curvature
of carbon graphene sheet[66]. Cap formation may be required for CNT nucleation.
18 Chapter 2. Background Theory
J. Gavilletet al.[67] described how cap formation could occur on a metal particle
saturated with carbon from small areas of graphene sheets which begin to precip-
itate from the metal particle in a bubble-like form. Nucleation points on the base
of this bubble of carbon could then nucleate a bundle of SWCNTs under these caps
and begin to grow via a base growth mechanism. Capping reduces the energy of
these structures by reducing dangling bonds at the top edges of the graphene planes
which would be present in an open ended structure.
2.5.4 Lower temperature CNT growth mechanism
Gorbunov et al.[68] studied the VLS mechanism in relation to SWCNT growth
and suggested that the catalyst particle must be liquid for CNT growth to occur
at the rates they observed. In their model the carbon travels through the metal
catalyst particle to the surface as carbon has a lower surface energy than the catalytic
metal particles, where nucleation of graphitic sheets or nanotubes occurs, with the
rate determining step being the solubilisation of solid carbon from the edge of the
catalytic metal particle into the metal particle.
If temperatures are too low for the metal catalyst particle to be liquid (as seen
in typical CVD growth)then the mechanism must proceed via an alternative route.
Hofmann et al.[69] suggested that rather than bulk solubilisation, a surface diffusion
process may occur at low temperatures. This fits well with an earlier growth model
for carbon fibers described by Oberlin et al.[2], and Baker et al.[70]. Both groups
described a surface transport mechanism at low temperatures. Baker [70] also dis-
cussed the effects of metal-surface interactions and their relationship to whether the
growth proceeded via a tip(weak interactions) or base(strong interactions) growth
mechanism.
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Figure 2.10: Top left; Wagner and Ellis VLS CNF growth model[62], Top right; Tib-
bets tubular CNF growth model[71], Middle; Saito et al.[65] SWCNT VLS growth
model, Bottom Saito et al.[64] bamboo CNF growth model
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2.5.5 Nitrogen doped CNTs
Nitrogen may be incorporated via a CVD technique by the decomposition of N
containing hydrocarbons[72], or by the use of nitrogen or inclusion of ammonia in
the carrier gas[73]. However, with all methods nitrogen concentrations are usually
reported to be low (≤15%). Nitrogen may be incorporated into CNTs in three
main ways: as N2 gas trapped inside the CNTs, in a pyridinic fashion bonded to
two carbon atoms, or as a substitutional atom bonded to three carbons in an sp2
manner. Theoretical calculations suggest that low weight percentages of nitrogen
should remain in plane and not cause disorder[74]. Conversely in practice it has
been noted that even at low concentrations N atoms tend to introduce disorder into
graphene planes[75].
2.5.6 Effect of Nitrogen incorporation on CNT structure
CVD process often produce CNTs exhibiting low crystallinity, and the incorporation
of dopants such as nitrogen has been shown to increase the disorder. For example,
Zhang et al.[76] synthesised SWCNTs in a nitrogen atmosphere but found nitrogen
was mainly incorporated into the amorphous material and not the CNTs. Czerw
et al.[5] synthesized N-doped MWCNT with 2 to 3wt% nitrogen (as estimated with
XPS), the N-doped CNTs displayed a corrugated and hollow structure. The corru-
gation and disorder was attributed to pyridinic type nitrogen leaving vacancies in
the graphitic planes (Figure 2.11).
Nitrogen-doped MWCNTs are usually reported to have a bamboo-type internal
structure, with the internal layers displaying frequent capping. An increase in incor-
porated nitrogen is generally thought to decrease the number of graphitic layers[35].
There is an early report of aligned CNTs[77] which were grown by decomposition
of 2-amino-4,6-dichloro-s-triazine over thin linear tracks of cobalt. The CNTs were
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Figure 2.11: TEM image of bamboo-like N-doped CNTs with STM inset show-
ing surface distortions possible due to vacancies caused by pyradinic nitrogen
incorporation[5]
shown to grow in wavy but aligned mats. EELS analysis shows the CNTs contained
nitrogen in 2-5wt% found predominately in the core of the CNTs. Damage by the
electron beam during EELS analysis can convert pyradinic/substitutional nitrogen in
the CNT walls to nitrogen gas which is often seen trapped in the hollow core[6, 72, 73]
Koziol et al.[72] grew CNTs incorporating around 3wt% nitrogen which unlike pre-
vious examples were extremely crystalline; electron diffraction patterns revealled the
crytal structure of perfect graphite. This degree of cyrstalisation is also unusual for
CNTs produced at low temperatures (760℃). The authors showed that the nitrogen
atoms appear to exert some control over the nanotube chirality with each concentric
shell in the MWCNT exhibiting the same helicity as the next, 30% of the CNTs
were seen to exhibit zigzag structures and 20% armchair. The ability to control
the chirality of CNTs should also allow control over other properties such as the
electrical properties of the MWCNT.
Theoretical studies calculated that chirality may effect the nitrogen incorporation[78].
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The authors theorised that zig-zag CNTs are able to locate pyradinic type N atoms
furthest apart from each other and in the most homogeneous way, whereas armchair
CNTs tend to locate their N atoms along the equatorial axis of the CNTs which
promotes fracture or instability in the CNTs causing them to effectively unzip, and
so suggesting that fewer armchair N doped CNTs may be found.
2.5.7 Mechanisms of nitrogen incorporation into MWCNTs
It is not currently known where or how the nitrogen is incorporated within the
CNTs or how it effects the morphology in the way it does. Several studies have sug-
gested that nitrogen is found preferentially in the inner walls of the nitrogen doped
MWCNTs[79, 6]. Other studies have suggested pyridinic like addition in outerwalls
where it has been shown to be possible to reduce[80], and sp2 type nitrogen possibly
observed by STM studies (Figure 2.11)[5].
A number of Electron Energy Loss spectroscopy (EELS) studies on N-doped MWCNTs[7,
6, 79] show inhomogeneous nitrogen distribution, with nitrogen found at a greater
concentration in the hollow core and a preferentially in large diameter CNTs[6].
Web-like CNTs show a higher nitrogen content than bamboo or stacked cone mor-
phology CNTs[7, 79] Figure 2.12.
Further evidence for nitrogen incorporation into the internal spaces of these CNTs
comes from reports of their sensitivity under STEM electron beams[73, 81]. Traso-
bares et al.[73] showed images of a punctured MWCNT, the disappearance of the
N EELS signal was attributed to the release of pressurised nitrogen gas from the
internal core. The N2 gas content observed in EELS studies[6, 7] may be gener-
ated during the growth process or be an artifact of the STEM conditions. The low
concentrations of nitrogen observed in the CNT walls is in-keeping with the well
graphiticised walls seen[74, 75]. Higher concentrations of C-N groups in the internal
space is associated with N2 gas and the more disordered graphitic webbing.
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Figure 2.12: Elemental mapping of N-doped CNTs[6]
Superposition of carbon (grey) and nitrogen (white) elemental maps, which shows
the strong localization of nitrogen at the weblike membranes across the core of one
of the tubes
Fewer graphitic shells and a large hollow core is often reported for N-doped MWC-
NTs, the increase in size of the core has been linked with an increase in nitro-
gen content[6]. The large hollow core has been seen regardless of the metal cata-
lyst used[82]. It is widely regarded that the higher the nitrogen content the fewer
graphitic walls seen[83]. A herringbone structure is nearly always described or seen
in TEM images even though the herringbone angle is very slight in many cases. In
some articles the herringbone angle is large and introduces a disordered and rough
morphology[5]. Many reports describe two main morphologies, a stacked cone or
cup and an internally webbed structure[79, 6].
The mechanisms of the formation of stacked cone and weblike CNTs is widely de-
bated. Saito et al.[65] suggested that for pure carbon stacked cone CNFs produced
with a Ni catalyst at high temperatures that the metal particle precipitated several
layers the “jumped ” out of the sheath which was formed by the last precipitated
carbon layer or shell and then precipitated several more layers which results in a
pulsating growth similar to that described for carbon fibers[84], however the au-
thors commented upon the fact that the catalyst particle must be molten at the
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Figure 2.13: TEM image of N doped CNT suggested mechanism for its growth as
described by Reyes-Reyes et al.[7]
temperatures described in this model.
Different growth mechanisms for the inner and outer shells are often suggested[7, 85],
despite TEM images of these N-doped MECNTs displaying a herringbone structure.
Figure 2.13 shows one such proposed mechanism. In the model the outer shells are
extruded quickly and contain C and some N species. A slower extrusion of C and
N occurs in the inner region of the CNT. The authors[7] suggest the reason for the
discontinuity in growth rates is due to the conical shape of the catalyst particle and
the capping of the internal shells .
The stacked cup morplolgy has also been seen in CNFs and CNTs grown in the
presence of sulphur and was first described by Endo et al.[86] In the absence of
sulphur a straight morphology was observed[87]. Sulphur is thought to act as a
poison of the catalyst particle[88], higher concentrations poison the metal catalytic
activity and no CNF growth is seen, as has also been seen with phosphorous[89].
Sulphur has been reported to be in-homogeneously distributed within metal catalyst
particles[87, 90] where is was thought to poison a central area of the catalyst particle
and produce a CNT with a large hollow core.
A herringbone structure gives either the option of a scroll-like growth as proposed by
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Vera-Agullo et al.[91] where the graphene sheets of a CNF grown in the presence of
sulphur were observed unraveling from the tip, or individual, discontinuous stacked
cup morphology as proposed by Endo et al.[86]. Choi et al.[92] suggested that
the discontinuous structure of these CNFs could account for the frequent breakage
of these CNFs. N-doped CNTs have high electrical conductivity which is usually
attributed to donor states[5]. However, the continuous scroll-like model of growth
is more consistent with the high electrical conductivity than a discrete stacked cup
structure. There are still many unanswered questions on the effect that nitrogen
has on the growth of CNTs and why the addition of nitrogen causes the structural
effects it does.
2.6 CNT gas sensors
A sensor can be described as a device that receives a stimulus and responds with
an electrical signal[93], in addition the sensor should also be small, cheap, fast, re-
producible and fabrication must have potential to be scaled up for mass production.
CNT sensors must also allow for the large surface area of CNTs to be exposed to
the environment. In both resistive or FET devices either a single CNT, bundle of
CNTs or a layer of CNTs must bridge two electrodes. In the FET device a backside
contact/back gate and a dielectric layer(usually SiO2) under the CNT/CNTs is also
required, in both devices the CNT/CNTs act as both the sensing material and the
transducer.
In a resistive device binding of gas molecules to the surface of the CNTs results in
charge transfer which modulates the resistance of the CNT/CNTs bridging positive
and negative electrodes, which is detected as a change in resistance of the device. In
a CNTFET sensor a electric field is applied by the backside contact which modulates
the CNT/CNTs’ current voltage characteristics. Adsorption of gas molecules onto
the CNT/CNTs creates a layer of polarised gas molecules at the CNT surface, this
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dipole layer changes the magnitude of the electric field experienced by the CNT,
which in turn affects the density of mobile carriers in the channel region (between
source and drain electrodes), resulting in a shift of the transistors’ current voltage
characteristics.
The two main promising methods at present for the integration of CNTs into a
sensing device involve either the growth of CNTs from precisely positioned areas
of catalysts between electrodes by a CVD process, or the deposition of CNTs from
a solution either onto electrodes or onto a substrate where patterned metallisation
over the CNTs can be achieved. CNTs can also be grown onto a substrate then
electrode pads can then be deposited over a single CNT or CNT network. The main
attempted methods for CNT sensor device fabrication are illustrated schematically
in Figure 2.14. Examples of novel and innovative ways of incorporating CNTs,
drawn from an increasingly large literature base on the subject are outlined below.
2.6.1 CNT devices using aligned CNT mats
A very simple way of constructing sensor devices was developed by Villalpando-Pa´ez
et al. [94], who exploited the ease of handling of large pieces of aligned films of CNTs.
Their simple sensor devices are shown in Figure2.15. The first sensor consisted of
an aligned mat of CNx MWCNTs attached to copper wire by silver paint. The
second sensor consisted of a pellet made of compressed CNx MWCNT powder, again
attached to copper wire by silver paint. This is an example of a comparatively low
tech simple and low fabrication cost sensor, which showed response to NH3 and a
range of vapours including acetone, ethanol, chloroform, and pyridine, however the
densely packed nature of the CNTs may slow the diffusion of analytes to the center
of the CNT mats of pellets, increasing response and recovery times and reducing
the response of the sensor.
Other researchers decided to utilise the dense, aligned mats in which CNTs can grow
to create CNT gas sensors without first removing them from their growth substrate.
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(a) (b) (c)
(d) (e) (f)
Figure 2.14: Schematic diagrams illustrating incorporation of CNTs into sensor
devices. a) FET device where CNTs are sparsely grown on a SiO2 layer and electrode
pads patterned over a single CNT b) dense mat of CNTs grown on a conductive
layer with electrodes patterned on top. c) electrode pads coated with a growth
supporting layer and a suitable catalyst with single or multiple CNTs then grown
from and bridging the electrodes d) deposited CNTs with electrode pads deposited
over them e) pre-pattered electrode pads with a single CNT deposited to bridge
them f) pre-deposited electrode pads with a network of CNTs deposited between
them
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Figure 2.15: Simple gas sensor devices from aligned CNx MWCNT mats and
powder[94] Left shows the aligned CNx CNT mat sensor device and right shows
the pressed CNx MWCNT powder pellets.
(a) (b)
Figure 2.16: CNT gas sensors utilising aligned CNT mats
a)Huang et al ’s[95] design for a CNT gas sensor b) shows a schematic of Wong et
al ’s[96] aligned CNT sensor
Huang et al.[95] fabricated a three terminal CNT FET structure using the silicon
growth substrate as a back gate and depositing source and drain electrodes consisting
of 90nm thick silicon on top of aligned CNT mats (Figure 2.16). Wong et al.[96]
also used aligned CNT mats to create sensor devices. The authors grew CNTs on
a conductive substrate of heavily N doped silicon by plasma enhanced CVD, then
sputtered on top of the CNT layer to form a Pd/CNTs/n+-Si structure. It was
demonstrated that the IV characteristics changed on exposure to H2 (Figure 2.16c).
Valentini et al.[97] grew vertically aligned CNTs from a Si3N4 layer on a Si sub-
2.6. CNT gas sensors 29
(a) (b) (c)
Figure 2.17: SEM image of aligned CNT mats grown between Pt electrodes(a), and
a schematic illustration of the device(b)[8] and schematic illustration of a resistive
serpentine sensor device(c)[9]
strate by plasma enhanced CVD between predeposited interdigitated Pt electrodes
(Figure2.17a and b). Grimes and co workers[9] patterned a serpentine shaped shaped
track of SiO2 and grew CNTs from it to form a resistive sensor. The CNTs grew
only from the SiO2 and not on the bare Si. The CNTs formed a high surface area,
low conductivity sensor with conductivity being measured sideways through the mat
of CNTs, which responded to CO2, water vapour and NH3 (Figure2.17c).
2.6.2 CNT devices by deposition of electrodes over single
CNTs
Kong et al.[10] first demonstrated a CNTFET sensor device showing response to NO2
and NH3. They grew individual SWCNTs by controlled chemical vapor deposition
from patterned catalyst islands on SiO2/Si substrates, then photolitographically
patterned Ti/Au electrode source and drain contacts over a single SWCNTs for
testing. This device enables the gas response of individual CNT to be investigated.
The authors found that semiconducting SWCNTs showed a greater response toward
NO2 and NH3 than metallic or MWCNTs.
This method of producing CNT sensor devices is time consuming and has a low yield.
However much information regarding the response of a single CNT to an analyte can
be gleaned from these experiments. The response of these devices is very high owing
in part to the active sensing part consisting purely of semiconducting SWCNT and
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Figure 2.18: AFM image of CNTFET sensor device[10]
as the SWCNT is unbundled the entire molecule is surface which can interact with
gaseous molecules. The device can be gated: the authors found greatest response
when the a gate voltage of +4 volts was applied to the device which reduced the
hole charge carriers in the CNT. An AFM image of this sensor device is shown in
Figure 2.18.
2.6.3 CNT devices by CNT growth between electrodes
Growing CNTs between electrodes is an attractive method to form sensor devices
as it does not require the specific location of electrodes over single CNTs or an
conductive layer of CNTs. Seidel et al.[11] grew single or multiple SWCNT by CVD
between multilayer electrodes. The multilayer electrodes consisted of a substrate,
a metal electrode layer, a buffer layer and a catalyst layer to support growth. The
resistance was high due to the Al buffer layer so contacts were improved by electrode-
less nickel contacting after CNT growth, which effectively soldered the CNTs onto
the electrodes. This method allows for precise positioning of SWCNTs between
electrodes.
Jang et al.[12] also grew CNTs laterally between electrodes using an Co catalyst
and an oxide buffer layer to support growth of CNTs on sets of Nb electrodes on an
SiO2 layer on top of doped Si. The MWCNTs were aligned between the electrodes
using an electrical field, during growth a 3V bias was applied across the electrodes,
and the CNTs were seen to be aligned with it, and form robust contacts with the
electrodes (Figure2.20).
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(a) (b)
Figure 2.19: Schematic of multilayer electrode used to support SWCNT growth
between electrodes and SEM image of the resultant bridging CNTs[11]
Figure 2.20: Schematics of device and SEM and TEM images of lateral growth of
MWCNTs between Nb electrodes[12]
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Figure 2.21: SEM images of SWCNTs drop cast over interdigitated electrodes from
Li et al ’s[13] article left and Lu et al ’s[14] article right.
2.6.4 CNT devices fabricated by CNT suspension methods
Whilst these methods of growing CNTs between electrodes have demonstrated solu-
tions to many of the issues of CNT sensor device manufacture, many of the methods
of fabrication are complex, low yield, and present difficulties if some purification or
modification to the CNTs is required to enhance selectivity or sensitivity of the
CNT material. Li et al.[14] used a drop cast method to deposit SWCNTs between
prefabricated interdigitated gold electrodes to form a chemiresistor. They used mass
produced HiPCO SWCNT in a DMF solution, and found that varying the concentra-
tion of the solution varied the density of SWCNTs between the electrodes and so the
resistance of the device. More resistive devices were seen to give a greater response
to NO2. Lu et al.[14] also simply drop cast SWCNTs modified with palladium over
interdigitated finger electrodes. This type of sensor device is relatively cheap and
easy to fabricate, and allows for the simple modification of harvested CNTs which
can be grown in bulk reducing the cost of the device yet further. Figure 2.21 shows
SEM images of drop cast SWCNTs.
CNT sensor devices have also been fabricated by dispersing the MWCNTs in a poly-
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(a) (b)
Figure 2.22: Schematic images of CNT composite based sensor devices a) Ong et
als[15, 16] SiO2/MWCNT composite and b) Yoon et al [17]PMMA/CNT composite
sensor
mer to form a composite device. This has several advantages for example creating
a medium which is easy to apply over electrodes, and acting as a spacer between
electrodes which was seen to reduce the conductivity of the MWCNT network and
increase the response[9]. Selectivity may be added by use of a polymer, and better
CNT dispersions may be formed, however a large reduction in surface area may
reduce the speed of response and recovery. Ong et al.[15, 16] dispersed MWCNTs in
SiO2 and spread the paste over interdigitated electrodes (Figure 2.22a. The adsorp-
tion of gases in the MWCNT-SiO2 layer changes the permittivity and conductivity
of the material and the resonant frequency of the sensor, which the authors tracked
with a loop antenna enabling remote sensing. The device was sensitive to CO2, NH3
and O2. Zhang et al.[98] made resistive measurements of a polystyrene/CNT sensor
composite between two parallel copper wires coiled onto a glass strip on which the
composite was coated. The sensor responded to CH2Cl2 vapour, the mechanism of
sensing was believed to be swelling of the PS separating the CNTs in the conductive
polymer so reducing the conductivity on exposure to vapours. Yoon et al [17] and
Philips et al.[99] described similar sensing mechanisms to Zhang et al [98] for their
composite thin films of PMMA and CNTs(Figure 2.22b).
Suehiro et al.[18] demonstrated a dielectrophoretic method of collecting and aligning
CNTs in areas of high field between electrodes of a sensor device from a CNT solution
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Figure 2.23: MWCNTs deposited between electrodes by dielectrophoresis to form a
CNT gas sensor[18]
on the application of an electric field. The solution of previously grown and dispersed
MWCNTs in ethanol was dropped between the electrodes of a resistive type device
and trapped in areas of high field between the electrodes. The advantage of this
dielectrophoresis method is that the number of CNTs collected and trapped (and
hence the resistance of the device) can be controlled by the frequency, amplitude
and duration that the field is applied for. For a review of electrophoretic deposition
of CNTs please see Boccaccini et al.[100].
2.6.5 Fuctionalisations for enhanced CNT gas sensitivity
Fabricating CNT devices by deposition of CNTs from suspension allows purification
and modification of the materials before deposition. Metal additives [101] and poly-
mer coatings [19] are often added to enhance the sensitivity and selectivity of CNT
sensors toward a specific gas or vapour.
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2.6.6 Metallic additives
The applications for metal decorated CNTs are more diverse than gas sensing with
applications which utilise their large surface area found in catalysis, hydrogen stor-
age, field emitters, fuel cells, and batteries[102].
The effect of catalytic metallic particles such as Pt, Pd and Au on solid state sensors
is well documented[103, 104, 105]. Catalytic metal additives are often added to
sensor materials to increase the sensitivity and decrease the temperature at which
the sensitivity maximum is observed [104]. Catalytic metal additives are thought
to alter the response characteristics of metal oxide semiconductor sensors mainly
according to two different mechanisms [106], and these mechanisms may possibly
also apply to CNT based sensors. The first mechanism is electronic in nature,
whereby the catalytic additives change their oxidation state on encounter with the
gas molecules, and all reactions take place on the metallic particles. In the case
of CNT sensors, the CNT material would thereby only act as a transducer. The
other major mechanism for altering the metal oxide sensor response is chemical in
nature. For the latter mechanism, the additives increase the reaction rate by first
facilitating adsorption of the gases on the metal surface and then, in the case of a
CNT sensor, promote the transfer of the gas species or reaction products onto the
CNT walls. Platinum is thought to work via this chemical mechanism [103].
Pt and Pd additives have been added to CNT sensors and demonstrated to increase
the sensitivity toward hydrogen[101] and NH3[14]at room temperature, and[107]
NO2 in the temperature range 100-250℃.
For sensing applications the metal additives are usually limited to Pd and Pt, there
are a variety of methods which have been demonstrated for the decoration of CNTs
with metal particles.
Sputtering was demonstrated as a simple deposition method of decorating with Pd
nanoparticles[14, 108]. Reduction of Pt and Pd metal salts with reducing agents
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such as NaBH4 is also described[108, 109]. These methods are usually claim to
deposit small particles with controll over the density of the particles controlled by
the concentration of metal salt.
Electrochemical methods have also been used to deposit metal particles on CNTs, for
example Mubeen et al.[110]used an electrochemical method to fuctionalise SWCNT
networks with Pd nanoparticles to create a hydrogen sensor, their electrochemical
method allowed for some controll over particle deposition, which was found, along
with the initial sensor resistance to play a role in the sensitivity towards hydrogen
of the resistive SWCNT network sensors.
Other coatings of interest to gas sensing are metal phthalocyanines have been im-
mobilised on CNTs[111] by solvent casting from chloroform solutions, and by a
phase separation method whereby a CNT and HErPc2 solution in chloroform was
dropped into distilled water and the chloroform was evaporated, leaving HErPc2
coated CNTs[112]. Recently an iron phthalocyanine functionalised CNT electro-
chemical biosensor has been demonstrated[113].
2.6.7 Modification of CNTs on devices
Whilst the dispersion and deposition from solution is the most obvious way of fabri-
cating CNT sensors with modified CNT material, several groups have demonstrated
on-device modification of their CNTs. Dai and co workers[19] developed a large
array of CNT sensors via CVD growth of several SWCNTs across each set of pre-
fabricated electrodes. The sensor device consisted of an array of FET devices on
a doped Si/SiO2 substrate acting as the back gate and sets of preformed Mo elec-
trodes. Growth of SWCNTs occurred between the Mo electrodes on patterned areas
of catalysts giving 20-30 SWCNTs bridging each set of electrodes which the authors
claim led to lower electrical noise than from single CNT devices. A substantial
electrical conductance change was seen under electrical gating, which the authors
attributed to a high percentage of semiconducting SWCNTs grown by CVD.
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Figure 2.24: Array of CNTFETs and images showing multiple SWCNTs bridging
electrodes[19]
A degree of selectivity was also imparted to the CNT devices by polymer func-
tionalisation with polyethyleneimine coating which induces n-type characteristics
to the devices through electron donation to the SWCNTs. Polyethyleneimine also
enhances the selectivity and sensitivity of the devices by reducing the sensitivity
to electron donating molecules such as NH3 and increasing the response to electron
withdrawing molecules such as NO2. Other sensors in the array were coated with
nafion which blocks NO2 binding and increases the sensitivity towards NH3. The
polymer functionalisation took place via a microspotting method over each device
in the array after growth has occurred.
Star et al.[20] also modified SWCNT FETs with polymers via a microspotting tech-
nique after CNT growth. Modifying the CNTs with a mixture of PEI and starch
rendered the CNT sensor devices sensitive to CO2. The SWCNTs were grown from
patterned iron nanoparticles and electrical contacts from Ti/Au were patterned on
top (Figure 2.25).
Whilst modifications with polymer coatings have been demonstrated, modifying the
CNTs with catalytic metal particles often used to enhance sensor proformance are
more difficult to achieve without first removing the CNTs to allow for easier incor-
poration or deposition of metal particles to the CNT walls. Star and co workers[114]
demonstrated a SWCNTFET array, as mentioned above, and used electrodeposition
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Figure 2.25: Schematic illustration and AFM image of polymer coated SWCNT
FET devices[20]
of metal species to decorate SWCNT walls with a precise deposition of metal par-
ticles at specific locations on the sensor array (Figure2.26). This site specific metal
deposition was accomplished using electrochemical galvanic displacement by con-
necting the SWCNTFET device to a metal with a lower red/ox potential than the
metal to be deposited and immersing the device into a solution of the metal cation
to be reduced and deposited, and applying an appropriate potential which induces
metal deposition on to the CNT walls. The authors decorated individual CNTFETs
with Au, Pt, Pd and Rh using this method, whilst leaving the other devices in the
on chip array unmodified.
CNT based gas sensors have attracted much attention from both industrial and
academic sectors with research intensifying since the first demonstration of a CNT
FET sensor device response toward strongly electron withdrawing and donating
molecules in 2000[10]. CNTs have the potential to make low power nano-scale sensor
devices due to their response to anayltes at low temperature. Other properties of
CNTs that make them particularly relevant to gas sensing is their huge surface area
where, in the case of an unbundled SWCNT every atom is a surface atom, this
surface area enables the binding of a great number of target molecules per unit
weight or volume of material. Due to the band structure of CNTs they are highly
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(a) (b)
Figure 2.26: SWCNTFET device decorated with metal particles by electroplating
a) Images of the device and b) schematic of the SWCNTFET device decorated with
metal particles showing binding analytes as red spheres[114]
sensitive to doping, which causes dramatic modulation of their electronic properties
which can be monitored in sensor devices, the amphoteric nature of CNTs leads to
both electron withdrawing and donating molecules being detected. The detection
of gases, vapours is not just of importance for the fire detection industry but also
environmental control relating to pollution, emmisions from industry or vehicles,
industrial process control, security and terrorism and medical diagnosis, anywhere
where miniature, low power consumption devices are required.
Chapter 3
Experimental methods
3.1 Electron microscopy
Due to the nanoscale dimensions of CNTs microscopy is an important tool in their
characterisation. The resolution of light microscopy is limited to a few micrometers
by the wavelength of light. Unlike conventional light microscopy which uses a series
of glass lenses to bend light waves to create a magnified image, electron microscopy
uses electrons to create an image of the sample. The electron microscope has much
higher magnification than the conventional microscope as the de Broglie wavelength
of an electron is much smaller than the wavelength of light.
3.2 Transmission Electron Microscopy
Transition electron microscopy (TEM) involves a high voltage electron beam emitted
by a cathode. The electron beam is focused into a tight, coherent beam by multiple
electromagnetic lenses and apertures. The lens system is designed to eliminate stray
electrons as well as to control and focus the electron beam. The corrected beam is
focused onto and passes through the sample, which must be very thin. The electron
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Figure 3.1: Schematic illustration of transmission electron microscope[21]
beam which has been partially transmitted through the sample is then formed into
a two-dimensional image which is magnified and detected by a sensor such as a
charge coupled device (CCD) camera. Crystallographic information can also be
ascertained by diffraction of the electron beam after passing through the sample.
Figure 3.1shows a schematic illustration of a transmission electron microscope.
TEM enables analysis of morphology, crystal structure and sample orientation. Not
only can the external morphology of CNTs be imaged, TEM is also a powerful
tool in imaging the individual walls of CNTs and their internal structure. TEM
images were taken using a JEOL inc. JEM-2010FX Mk.2 TEM operating at 200kV.
The samples were prepared by suspending the nanotubes in ethanol - achieved by
sonication if necessary, then pipetting a drop of suspension on to a 300mesh copper
grid with a holey carbon film. Some early images were taken using a JEOL inc.
JEM-2010FX Mk.2 TEM operating at 200kVa.
aAll TEM sample preparation and imaging was carried out by Ben Cottam
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3.3 Scanning Electron Microscopy
In scanning electron microscopy SEM) an electron beam is rastered along the sam-
ple surface which stimulates the release of secondary electrons which are collected
by a scanning detector. Unlike the TEM, where electrons are detected by beam
transmission, the scanning electron microscope (SEM) produces images by detect-
ing secondary electrons which are emitted from the surface due to the excitation
by the primary electron beam. SEM images have a characteristic three-dimensional
appearance and are useful for creating an image of morphology and depth of the
surface. Field emission gun scanning electron microscopy (FEGSEM) images were
taken using a LEO Gemini 1525 FEG-SEM operating at 20kV and lowered for high
resolution work to 5kV.
CNT samples were prepared by adhering mats of CNTs removed from the quartz
growth substrate or adhering the whole quartz growth chip substrate to a half-inch
SEM pin stub with carbon tape or silver paint. If the CNTs were adhered with
the quartz growth substrate lines of silver pain were painted from the SEM stub
onto the CNTs to create an electrical contact and reduce charging of the substrate.
FEG-SEM is useful for imaging the overall orientation and morphology of the CNTs
length and diameter can also roughly be measured. Figure 3.2 shows a schematic
illustration of a SEM microscope.
3.4 Energy dispersive X-ray
Energy dispersive X-ray (EDX) analysis is a technique which may be used for iden-
tifying the elemental composition of a sample or an area of interest. It is generally
used in conjunction with TEM or SEM. An electron beam focused on the sample
may excite an electron in an inner shell, ejecting it, and crating an electron hole.
An electron from an outer, higher energy shell then fills this hole, and the excess
energy (difference in energy between the higher energy shell and the lower energy
3.5. Mass spectroscopy 43
Figure 3.2: Schematic illustration of a scanning electron microscope[22]
shell) may be released in the form of an X-ray. This creates spectral lines that
are highly specific to individual elements. The number and energy of the X-rays
emitted from a specimen can be measured by an energy dispersive spectrometer. As
the energy of the X-rays are characteristic of the difference in energy between the
two shells, and of the atomic structure of the element form which they were emit-
ted, thus allowing the elemental composition of the sample to be measured. EDX
analysis was performed using a Carl Zeiss SMT Ltd. INCA X-ray system, Oxford
Instruments. EDX was used in this thesis to characterise the amount of catalyst
particles remaining in the CNTs after growth and to determine the composition of
metallic particles added to the CNT walls to enhance the sensing properties of these
CNTs.
3.5 Mass spectroscopy
Mass spectroscopy was used to analyse the downstream gas composition during
sensing with CNT gas sensors in order to detect an increase in concentration of
expected reaction products. Mass spectrometry is an analytical tool which is usually
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used to measure the molecular mass of a sample. In a mass spectrometer particles are
ionised by an electron beam which displaces an electron from the molecules forming
cationically charged particles known as the molecular ions. The charged particles
then pass through a magnetic field where they are deflected along a circular path
on a radius that is proportional to the mass to charge ratio, m/e. If the molecular
ion is too unstable then it can fragment to give other smaller ions. By adjusting
the magnetic field, the molecular ions can be focused. The focused ion beam is then
passed through a quadropole analyser which focuses the ions of interest through
slits and onto the detector with the use of electronic fields. The concentration of
molecular ions (M+.) of the molecules of interest were investigated downstream of
the sensors during gas pulses over the sensors.
The mass spectrometry equipment was built in-house and consisted of a mass spec-
trometer (MiniLab LM80, Spectra Instruments International) with a quadropole
residual gas analyzer (Microvision Plus, LEDA-MASS Ltd.) The mass spectra have
been analyzed with the software RGA for windows from Spectra Instruments.
3.6 CVD equipment for CNT growth
The CVD equipment used for work in this study (Figure 3.3) is similar to that
described by Andrews et al.[59]. The argon or argon/10% hydrogen (BOC spe-
cial gases) carrier gas mixture flows in to a preheater which was maintained at
200℃ where the gas mixture is heated. The preheater consists of a coil of stainless
steel piping through which the gas mixture flows and around which a ceramic tape
heater is coiled. The heated piping is insulated with silica wool and aluminium
foil. The temperature is regulated by a thermocouple inside the coil attached to a
temperature controller. For injected catalyst CVD the catalyst and carbon source
are injected into the furnace. For the growth of pure carbon MWCNTs a mixture
of ferrocene (Sigma Aldrich) which acts as the catalyst, and toluene (BDH AnalaR
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Figure 3.3: Schematic of injection CVD equipment used for MWCNT growth
99.5%) which acts as the carbon source, is injected. For the growth of nitrogen
doped MWCNT 1,4-diazide is used as a nitrogen dopant and is injected along with
the catalyst and hydrocarbon solution. The solution injector is placed just after the
preheater to aid the vapourisation of the injected solution (ferrocene having a de-
composition temperature of 175℃, and toluene a boiling point of 110℃). The main
furnace is a quartz tube furnace with a 46mm diameter and approximately two me-
ters in length. The temperature of the quartz tube was controlled by a temperature
controller (Eurotherm 2216). A solution of ferrocene in hydrocarbon is continuously
injected into the tube furnace. The growth substrate is the quartz tube reactor and
quartz slides placed within it.
Aligned multiwalled carbon nanotubes were grown perpendicular to the quartz
growth substrates (Figure 3.4), which could be removed by scraping the quartz tube
with a rubber or metal spatula. The CNTs flaked away from the quartz tube in
aligned, entangled chunks also described as mats or forests. The growth parameters
used are based on the investigations of Singh et al.[60], who undertook a systematic
study by varying the growth parameters of temperature, ferrocene concentration
and injection duration investigating the resulting MWCNTs, by SEM, TEM and
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Figure 3.4: Schematic of CNT growth area for injection CVD, showing black areas
of aligned CNT growth
Raman spectroscopy. The temperature at which the most crystalline CNTs were
observed was 800℃, similar to the temperature of maximum yield, which was found
to occur at 760℃. Singh et al.[60] used a smaller diameter furnace of 14mm inner
diameter so the growth parameters of injection rate, catalyst to hydrocarbon ratio
and carrier gas flow rate were investigated were not taken directly from their article.
Chapter 4
Production of MWCNTs by
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deposition
4.1 Introduction
This chapter discusses the growth of pure carbon and nitrogen-doped MWCNTs by
an injected catalyst CVD method. The effects that varying the growth parameters
have on the length, diameter, alignment and amorphous carbon contamination are
compared and the growth mechanisms are considered. The methods of CVD growth
discussed here are based upon those described in the literature by Singhet al.[25]
for pure carbon growth, and Koziol et al.[72] for N-doped growth. The aim of the
work discussed in this chapter was to scale up their procedures to produce gram
quantities of uniform material for the production of CNT based sensors.
The target CNT characteristics that need to be achieved for gas sensing applications
are discussed below; The purity and surface condition of the CNTs is important:
The CNTs produced should where possible be free from contaminant particles. Con-
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taminant particles are likely to be residual metal catalyst particles and amorphous
and graphitic carbon particles. The surface of the CNTs should be as free from
amorphous carbon as possible as an amorphous carbon coating of the CNTs may
reduce the passage of target gases to the CNT walls.
In order to produce cheap materials for the sensor industry a large scale injection
CVD production method was chosen. A high conversion rate of reagents to CNTs
is required and is demonstrated by the production of densely packed, aligned mats
of CNTs. The CNTs produced are required to have uniform properties both along
the length of each CNT and along the reaction vessel.
The target length and diameter of MWCNTs for optimum gas sensing properties is
unknown, and it is more likely that the surface of the CNTs is more important than
the length of the CNT. However, the longer the MWCNTs the greater the yield for
a similarly dense mat.
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4.2 Results and Discussions
4.3 Production of pure carbon MWCNTs by in-
jected catalyst CVD
This section gives a brief overview of pure carbon nanotube production using the
injection CVD equipment and parameters described in the previous experimental
chapter. For pure carbon nanotube production the growth parameters were chosen
from the results discussed in the article by Singh et al.[60] in order to produce large
yields of highly crystalline MWCNTs. A temperature of 800℃ was selected in
an attempt to maximise crystallinity and yield. A 3wt% solution of ferrocene in
toluene was chosen, which was injected at a rate of 5mlmin−1, in order to scale for
the increase in diameter of the furnace tube relative to the literature. An injection
time of 4 hours was chosen as the literature suggested slower growth rates for growth
times in excess of four hours.
4.3.1 Effect of carrier gas flow rate
The carrier gas flow rate was varied from 200 to 2200mlmin−1 to find the optimum
flow rate for a furnace of the size used. Aligned mats of MWCNTs were produced at
all of the carrier gas flow rates attempted. The amount of CNT material to amor-
phous carbon material was qualitatively estimated by comparing the area and the
thickness where black CNT mats grew compared to the area where grey amourphous
carbon was deposited.
At 200mlmin−1, a small area of thick (∼ 500µm) carbon nanotube material was
found in the area just downstream of the injection point at the beginning of the hot
zone of the furnace, amorphous carbon was deposited in the remainder of the hot
zone downstream of the CNT growth area (Figure 4.1). On increasing the carrier
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Figure 4.1: Schematic of areas of deposition of CNTs and amorphous carbon for low
carrier gas flow rate injection CVD growth
gas flow rate to 1800mlmin−1 the area of CNT production was seen to increase to
cover most of the furnace tube; an area of grey amorphous carbon intermingled with
shorter CNTs was only seen towards the opposite end of the furnace tube to the
injector. A carrier gas flow rate of 2000mlmin−1 gave continuous, long CNT pro-
duction all over the furnace tube, with little amorphous carbon contamination seen,
enabling up to 3 grams of relatively amorphous carbon free CNTs to be produced in
one 4 hour experiment. On increasing the flow rate above 2000mlmin−1, less CNT
material was produced, the shorter CNT mats were more difficult to harvest from
the furnace tube. The activated carbon filter and the downstream piping required
replacing after one experiment at a flow rate of 2200mlmin−1, indicating that much
of the carbon source was unreacted. These findings are in agreement with Tibbetts
et al.[71], who also found that the carrier gas flow rate, which was inversely propor-
tional to gas residency time, had a strong effect on the production of amorphous
carbon.
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4.3.2 SEM investigations of the CNTs produced
High magnification SEM investigations revealed that despite the presence of de-
formities, the CNTs grew reasonably straight and aligned in a common direction,
Figure 4.2 shows a typical CNT mat produced at an Ar/H2 flow rate of 2000mlmin
−1.
The defect density was reduced by the use of new tube fittings to reduce leakage of
air in to the system and by the inclusion of a preheater maintained at 200℃ which
is described in the experimental section. These improvements are discussed in more
detail in section 4.4.1. Figure 4.3 shows typical MWCNTs produced after these
improvements to the furnace system where little amorphous carbon is seen. Despite
the straight body of the CNT mats the surface of the CNT mats displayed tufts
and curls of CNTs. Fine particles were also seen near the tips of the CNTs, these
were also noted by Andrews et al.[59] and Singh et al.[60] but were attributed to
longer growth times and not described as the optimum growth conditions, which
claimed to produce straight CNTs pointed at the tips[60]. As the CNTs grown via
this method are thought to grow with a base mechanism[60], these defects at the
tips must occur at the start of growth. Pinault et al.[61] similarly noted that whilst
the nanotubes in the core of the carpet are well aligned, the top 10µm of the mat
are entangled and contain by-products.
After a growth time of four hours, the length of the MWCNT mats was usually
in the range of 600-900µm. The diameters of the CNTs were large, in the range
Figure 4.2: SEM images of pure CNT mats produced by injected catalyst CVD
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(a) diameter ∼80nm (b) Curly MWCNT tips
Figure 4.3: SEM images of CNTS produced by CVD with carrier gas flow rate of
2000mlmin−1 after furnace equipment improvements
a) aligned, straight and relatively defect free CNTs b) curly but relatively
amorphous carbon free CNT tips, here a flake of quartz has fallen on top of the
growing MWCNT mat acting as a substrate for additional aligned growth.
60-100nm in the middle section of the mat. Investigations of the root or base of the
MWCNTs revealed that the MWCNTs were larger at the base than the tips after a
growth time of 4 hours. The MWCNTs were attached at the root to a large catalyst
particle which was partially dissolved into the quartz slide, which is further evidence
for a base growth mechanism. The root structures are larger in diameter than the
CNT body. Figure 4.4 shows root structures and their nanotubes.
Figure 4.4: SEM image of CNT root
large catalyst particles ∼ 2-3 times larger than the diameter of the MWCNTs. The
diameter of the CNTs is larger at the root than in the body of the mats
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After mechanical removal of CNTs, circular indentations are seen on the quartz
growth substrates. Figure 4.5 shows a range of different sizes of holes in the quartz
slides correlating to a range of different sized root structures. There appears to be
mostly large CNTs (∼100nm) and their catalyst particles and a smaller CNT and
accompanying root hole, where the MWCNT is around 10-20nm in diameter. It is
not known if these smaller diameter MWCNTs grow all the way to the top of the
mat and are rarely seen in images of the top of MWCNT mats, but are frequently
seen in images of the central part of a CNT mat. It is possible that these smaller
MWCNTs begin to grow after the larger MWCNT growth has nucleated.
(a) (b)
(c) (d)
Figure 4.5: SEM images of quartz slide after MWCNT harvesting
a) circular indentations in the quartz growth substrates, some appear to be filled
with iron b) some of the circular indentations have smaller circular fine structure
on them suggesting the larger marks may be an agglomeration of smaller particles
c) clump of broken MWCNTs d) CNTs scraped from quartz slide showing
indentations of the root structures
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Figure 4.6: SEM images showing the middle section of a pure CNT mat: MWCNTs
of varying diameter
EDXa shows that there is approximately 3wt% of Fe in the CNTs, which is consistent
with the injected Fe/C ratios and shows that iron is incorporated throughout the
growth due to the constant injection of ferrocene (Figure 4.7).
aEDX was carried out by Julian George
Figure 4.7: EDX of CNT mat showing around 3wt% Fe
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4.3.3 Summary of pure carbon growth
With altered carrier gas flow rates the scale up process for producing pure carbon
MWCNTs in a large furnace appears to have been successful with up to 3 grams
of long (≤ 1mm) wavy, entangled, but relatively defect and amorphous carbon free
aligned MWCNTs produced per run. The MWCNTs show large catalyst particles
at their bases suggesting that these CNTs grow via a base growth mechanism. The
tips are more defective and curly than the body of the CNT mats as also noted
by Andrews et al.[59] who grew CNTs via this method, but in contrast to Singh
et al.[60] who produced straight, pointed tips. Due to the supposed base growth
mechanism, the curly CNT tips were thought to grow first in an unaligned fashion
due to a lack of steric hinderence which later forces the CNTs to grow predominately
upwards in a straight aligned fashion, carrying the curly tips above them.
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4.4 Production of nitrogen-doped MWCNTs by
injected catalyst CVD
Nitrogen incorporation into CNTs has shown many interesting effects on structure
and electrical properties, there is also a report of increased sensitivity to NH3 for
N-doped CNT compared with pure CNTs[94]. Koziol et al.[72] described a method
whereby some control over the chirality was achieved. As electrical properties of
CNTs are directly related to the chirality, control over chirality can also give con-
trol over electrical properties of the CNTs. The electrical properties of CNTs are
very important for sensing applications as metallic and semiconduting CNTs show
different responses as gas sensors[10]. Nitrogen doping was achieved using pyrazine
(1,4,diazide) as a nitrogen dopant which was incorporated into the injected carbon
feedstock as in the method described by Koziol et al.[72]. The same equipment was
used for the production of nitrogen-doped carbon nanotubes as for the pure carbon
MWCNTs and the growth parameters were adapted from those of Koziol et al.[72],
who produced N-doped MWCNTs with high crystallinity. A furnace temperature
of 760℃ and a preheater temperature of 200℃ were used throughout these studies.
Unless stated otherwise, Ar was used as the carrier gas at a flow rate of 2000mlmin−1,
a 2wt% ferrocene in toluene/diazide solution was used as feedstock with a 40wt%
concentration of diazide in toluene. In all experiments the solution was injected at a
flow rate of 4mlmin−1 for a duration of four hours. Nitrogen-doped MWCNTs were
produced in aligned mats which like the pure carbon nanotubes grew perpendicular
to the quartz furnace tube and quartz substrates. The N-doped CNTs have a char-
acteristic black colour and were noticeably more difficult to scrape away from the
quartz reaction tube than their pure carbon counterparts.
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4.4.1 Effect of CVD equipment on external morphology and
purity of N-doped CNTs
Many early experiments with the parameters described above produced a layer of
amorphous carbon at the top of the CNT mat and growth was more defective at
the tips of the MWCNT mat. Although not completely solved, the problem was
partially remedied, by several changes in the design of the equipment and process
which will be described below. The amorphous carbon layer either forms first before
the CNT growth and is then carried upwards by the growing CNTs, or is deposited
after and/or during growth. Figure 4.8 shows a typical amorphous carbon deposit
on the top of a CNT mat.
Before growth, the quartz slides were scrupiously cleaned by sonication in HCl to
remove any Fe catalyst particles that may remain on the quartz substrates from pre-
vious experiments, rinsing with ethanol, then distilled water and heating to 800℃ to
remove any remaining organics. Introduction of these cleaning processes did not ap-
pear to reduce the amorphous carbon deposits.
A preheater was added to the furnace, just after the injection point to aid with the
volatilisation of the of the ferrocene/toluene/pyrazine solution, this modification
did not appear to help when the feedstock injection point was before the preheater,
however an amorphous carbon layer appeared to form less frequently on top of
the CNT mats when the injection point was moved downstream of the preheater.
The length of tubing from the preheater to the main furnace was also reduced to
minimise the cooling of the volatilised feedstock before entering the furnace, which
also appeared to give some reduction to the frequency of the amorphous carbon
deposits. However, deposits were occasionally still seen. Even when a complete
amorphous carbon layer was not seen on top of the CT mats, there was still often
more amorphous carbon seen coating the tips of the CNTs than the length of bases
of the mats. (Figure 4.8).
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Figure 4.8: SEM images of amorphous carbon deposits on the tips of MWCNTs
grown with 40wt% pyrazine solution
4.4.2 Tip morphology of N-doped MWCNTs
Despite reducing the amorphous carbon production, none of the discussed improve-
ments reduced the curliness of the CNT tips. Occasionally patches of straight tipped
N-doped MWCNTs were found in amongst the curly tipped CNTs (Figure 4.9).
Why some patches appear to have nucleated simultaneously and so avoiding the
curly pre-growth, whilst the majority of CNTs on the slide appear to have nucle-
ated at slightly different times is not known. Many variations in growth parameters
were attempted in order to try and encourage the CNT growth to nucleate faster so
begin to grow in a more aligned fashion. The growth parameters and the injected
solution were varied in order to achieve the straight open ended tips seen by Koziol
et al.[72] and these experiments are described in the following sections.
4.4.3 Effect of nitrogen incorporation on the length and ex-
ternal morphology of CNTs
The internal and external morphology with increasing nitrogen doping was investi-
gated by comparing MWCNTs grown with 0, 20, 40 and 60 weight percent pyrazine
in toluene were compared.
For all of the experiments described below standard conditions as described in sec-
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(a) Aligned patch (b) Straight tips
(c) Open tips (d) Catalyst particles in tips
Figure 4.9: SEM images showing patches of straight tipped CNTs growing amongst
curly tipped CNTs
These CNTs are either open-tipped or the tips are blocked with a wedge shaped
catalyst particle which is seen as a brighter white shade in SEM images c and d
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(a) (b)
Figure 4.10: N-doped MWCNTs grown with 20wt% pyrazine solution
a)straight body and curly tips of CNT mats with an average length of 50µm. b)
defective, curly tip morphology.
tion 4.4 on page 56 were used, except that the concentration of pyrazine in toluene
was altered.
SEM studies (Figure 4.10) showed that, on incorporation of 20wt% pyrazine into
the reaction mixture, the nanotubes were more densely packed and shorter than
with pure carbon feedstock. The length after four hours of growth was approxi-
mately 200µm. Compared to 600µm to approximately 1mm grown in the absence
of pyrazine with the same equipment and reaction parameters. The N-doped CNTs
had a characteristic jet black colour and were noticeably more difficult to scrape
away from the quartz reaction tube, than the pure CNTs. SEM microscopy of the
CNTs revealed that like the pure carbon MWCNTs, the N-doped MWCNTs were
straighter at the base and in the body of the CNT mat than at the tips. The average
diameter of these tubes is 60nm at the middle of the mat compared with 60-100nm
for the pure carbon MWCNTs.
Similarly, CNTs grown with a 40wt% solution of pyrazine in toluene are even shorter,
with a four hour run producing on average a length of 40µm to 50µm (Figure 4.11.
The entangled tips hold the CNT mat together whereas the straight, aligned base
section tend to spread out, producing a wedge shape to many harvested CNT mats.
These CNTs were straighter and more aligned than the other samples.
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Figure 4.11: MWCNTs grown with 40wt% pyrazine solution
a) shows a mat with tips to the left and bases to the right hand side of the image.
b) shows a CNT mat with bases at the top of the image and entangled tips towards
the bottom of the image.
A solution of 60wt% pyrazine in toluene was mixed with 2wt% of ferrocene. The
solution was sonicated to disperse the pyrazine for 5 minutes. On standing for longer
than 20 minutes the pyrazine began to fall out of suspension, causing the syringe
pump to clog and stop injecting. A heated mat was wrapped around the syringe and
heated to 50℃, which kept the pyrazine in solution for the duration of the growth
experiment (4 hours). Injections of this solution produced a grey/brown amorphous
carbon like deposit over the quartz furnace tube. The experiment was repeated
several times however no CNTs were observed, each time only amorphous carbon
was deposited.
The typical lengths of N-doped MWCNT mats after four hours of growth were com-
pared for 0, 20, 40 and 60 wt% of pyrazine in the reaction mixture. Elemental
anaylsis gave the percentage of nitrogen incorporated into the MWCNTs. Fig-
ure 4.12 shows the relationship between typical lengths of CNTs, nitrogen in the
injected mixture and nitrogen incorporation in the MWCNTs. The incorporated
nitrogen is seen to increase with pyrazine content in the injected mixture. Unfortu-
nately, no 60 wt% pyrazine growth sample was availiable for elemental analysis due
to the difficulties in removing the deposition from the quartz substrates.
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Figure 4.12: Comparison of length of CNTs after four hour growth with increasing
nitrogen incorporation
4.4.4 Root and tip morphology of N-doped MWCNTs grown
from a 40wt% pyrazine in toluene solution
The roots and tips of MWCNTs grown from a 40wt% pyrazine in toluene solution
as described above were investigated with SEM. As with other CNTs grown via this
CVD method the tips are more curly and defective than the rest of the structure
(Figure 4.13)
Catalyst particles are seen in the roots of these MWCNT (Figure 4.13). However,
unlike the pure CNTs these catalyst particles are encapsulated within the CNTs
and so are smaller than the tube diameter. The catalyst particles seen in the roots
of these CNTs were investigated by TEM and are discussed in the next section.
The existence of catalyst particles at the base of the N-doped MWCNT mats may
suggest a base growth mechanism.N-doped CNTs show a straighter and smoother
morphology than the pure carbon CNTs, which magnifies the difference between the
body morphology and curly tips. A similar straightness was also observed by Koziol
et al.[72], on introduction of 40wt% pyrazine into their injected reaction mixture.
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However, they also noted that the tips of the CNTs grown under these conditions
were straight, pointed and open tipped, which was not seen with the injected mixture
and growth conditions used in these experiments.
(a) (b)
(c) (d)
Figure 4.13: SEM images of the bases, length and tips of N-doped MWCNTs grown
with 40wt% pryazine
a) shows long catalyst particles encapsulated in the roots of the CNTs, b) shows
the straight bases of these CNTs c) shows the slightly disordered and curly length
of the CNT mats near the tips and d) shows the disordered curly tips found at the
top of each CNT mat
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Figure 4.14: Schematic image showing different internal morphologies of N-doped
MWCNTs
a) small diameter bamboo-type and b)small diameter stacked cup morphologies c)
medium diameter stacked truncated cone morphology and d) web-like CNTs.
4.4.5 TEM studies of the effect of nitrogen incorporation
on the internal morphology of CNTs
TEM microscopy studies allow the internal morphology of the CNTs to be inves-
tigated. As N-doped CNTs display not only a different external morphology but
as also seen by Koziol et al.[72] an intriguing and unusual internal structure (Fig-
ure 4.15 and Figure 4.16 show TEM images of CNTs grown with 20 and 40wt%
pyrazine in the feedstock respectively. The inner diameter of the N-doped CNTs
is large and divided into compartments by internal caps. There are many differ-
ent internal mophologies, smaller diameter CNTs mostly have a stacked truncated
cone or stacked cup morphology and larger diameter CNTs have web-like struts
between the CNT walls. There are also structures intermediate between these two
main structures and very small diameter CNTs which have a bamboo-like or short
stacked cup structures. Figure 4.14 shows schematic images of the N-doped CNT
morphologies.
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(a) Web-like (b) stacked truncated cone
Figure 4.15: TEM images of N-doped MWCNTs grown with 20wt% pyrazine solu-
tion showing internal compartments
a)these CNTs have thin walls and show a mixture of morphologies but most show
an internal webbing morphology. b) The external shells broke away to reveal the
internal structure of this stacked cone structure.
Internal webbing and stacked truncated cone morphologies are both seen on incor-
poration of pyrazine into the feedstock. There is a prevalence of CNTs with internal
webbing structure at 40wt% of pyrazine concentration (Figure4.16) in agreement
with Ducati et al.[6]. Increasing nitrogen concentration may favour this structure.
Wang et al.[115] found the internal stacked ‘nanobells’ of the N-doped MWCNTs
became more elongated and overlapped more on increasing nitrogen concentration.
No loss of graphicity in the internal layers is seen on incorporation on pyrazine into
the feedstock. The inner most shells periodically peel away from the walls of the
MWCNT, some shells completely span the internal gap, forming an internal cap.
Despite the frequent loss of internal shells due to internal capping or webbing, the
diameter of the MWCNT remains fairly constant over extended areas of the CNTs.
The CNTs are not concentric shells but have a herringbone structure consisting of
very elongated stacked shells. To maintain their uniform thickness the gain in new
shells must equal the number of shells which are lost in internal capping both in
number and frequency. Figure 4.17 shows a high resolution TEM image of the edge
of a CNT with internal webbing structure with each new outer shell marked. Each
shell may be identical beginning with the outer diameter of the CNT and reducing to
the inner diameter of the CNT, in a very elongated truncated cone structure. Koziol
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(a) (b)
(c) (d)
Figure 4.16: Internal webbing of MWCNTs grown with 40wt% pyrazine
a) shows the internal webbing morphology of these CNTs with large internal
diameters, b) a thin layer of amorphous carbon is found around the CNT, the
internal layers often completely bridge the internal space but complete caps are
not always formed c) an example of the internal webs or caps. d) shows small
arrows where new CNT shells begin to peel away from the other shells, the
thickness of the CNT does not decrease proceeding along the CNT in the direction
of growth despite the frequent loss of internal shells
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et al.[72] found that the shells were in crystallographic register and in many cases
shared the same helicity. CNT shells in a concentric, non-herringbone arrangement
have dissimilar diameters and so, due to the large amount of possible lattice vectors
for each diameter (especially the larger diameters seen in these MWCNTs) it is
unlikely that every shell would be of the same helicity.
Some very small diameter MWCNTs were observed (Figure 4.18), these MWCNTs
were not seen in SEM images and are very short (less than a few hundred nm).
These short CNTs have thin walls and bamboo structure. Breakage is seen between
each compartment or along the bamboo lines which separate the CNTs into small
sections. This breakage suggests that each compartment does not share overlapping
outer shells with the next compartment i.e. the herringbone angle is larger in these
CNTs than in the larger diameter CNTs.
4.4.6 TEM and SEM investigations of the catalyst particles
in N-doped MWCNTs
Since the morphology of these CNTs is very different to pure CNT synthesised with
the same method and conditions, it is unlikely that the incorporation of nitrogen
in the CNT walls is responsible alone for the changes. The catalyst particle is
ultimately responsible for the morphology of the CNTs, therefore the effect that
nitrogen has on the catalyst particle was investigated.
Figure 4.19 shows the morphology of catalyst particles in the roots of N-doped
MWCNTs. The catalyst particles are elongated, with lengths up to a micrometer
observed. The Fe particles are entirely enclosed within the CNT unlike in pure
carbon NT growth where the catalyst particles are larger and external to the CNTs.
Concentric cylinders are thought to extrude from the catalyst particles when no
nitrogen is present. When nitrogen is incorporated the Fe particles form long narrow
particles similar in shape to the stacked truncated cone structure of the N-doped
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Figure 4.17: TEM image of N-doped MWCNT with internal webbing showing the
slight herringbone structure
Red circles on the outer edge of the CNT show shell termination points. The
direction of growth of this CNT is bottom left to top right
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Figure 4.18: TEM image of small diameter bamboo like MWCNTs grown with
40wt% pyrazine
CNT shells which may sequentially precipitate the shells of the N-doped CNTs. This
growth model is different to the model proposed by Reyes-Reyes et al.[7], where
different mechanisms produce the straight outer and capped inner walls. The shape
of the catalyst particle appears to affect the morphology of the CNTs with very
long thin slightly sloping catalyst particles tending to form internally webbed CNTs
and smaller, shorter, more sloping catalyst particles forming stacked truncated cone
structures.
The effect on the Fe particles of prolonged exposure to nitrogen under growth con-
ditions is not known. It is unlikely that the Fe particles are so elongated at the start
of growth, which may affect the internal morphology of the CNT along its length.
Larger catalyst particles appear to become more elongated than smaller catalyst
particles. Che et al.[116] carried out EELS spectroscopy on metal particles encap-
sulated in N-doped and pure CNTs. For the pure CNTs, the metal particle was
saturated with carbon whereas for the N-doped CNT the carbon was found mainly
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at the edge of the Fe catalyst particle. Reyes-Reyes et al.[7] also found the edges of
the metal catalyst particles were very carbon rich compared to the bulk of the Fe
catalyst particles with a layer of Fe3C (Cementite) formed at the interface between
the metal particle and the graphene shells. The authors also commented upon the
elongation of some of the Fe catalyst particles at the root of the CNTs with lengths
of up to 180nm found, which they attributed to extrusion forces caused by the CNx
precipitation through the metal along the Fe(110) planes. Further investigations
into how the shape of catalyst particle effects the growth of the CNTs are necessary,
as well as studies on the morphology of the CNT catalyst particle in early stage
growth and any subsequent changes to its morphology with growth time would be
interesting.
A study of the quartz substrates after mechanical removal of CNTs grown with
40wt% pyrazine in the feedstock revealed a clear difference with and without nitro-
gen(Figure 4.20). The N-doped MWCNTs leave a carbon ring around the catalyst
particles or hole where the catalyst particles once were. This feature suggests that
the graphitic walls of the CNTs begin to form in the catalyst particle which is dis-
solved in to the quartz and not above the surface as is assumed to be the case
with the pure carbon nanotubes. There is a wide range of diameters of remaining
catalyst particles and catalyst particle holes. Unlike the pure CNTs (Figure 4.4)
the diameter of the catalyst particle appears to be of a similar size to the CNTs
produced.
4.4.7 SEM and TEM Investigations of the tip of N-doped
MWCNTs
TEM investigations of the curly N-doped CNT tips (Figure 4.21) revealed that the
CNTs displayed the same open tipped, uncapped structure seen by Koziol et al.[72].
In fact, origional tips are rarely found in TEM samples, due to the greater tendency
of N-doped CNTs to break compared to pure CNTs which are usually capped struc-
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Figure 4.19: TEM image of N-doped MWCNT roots: The size and shape of the
catalyst particle affects the internal structure of the CNTs
Figure 4.20: SEM images showing residual catalyst particles after mechanical re-
moval of N-doped CNTs grown with 3wt% Ferrocene
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Figure 4.21: TEM image of less aligned N-doped MWCNT tips: Tips are either
open ended or blocked with a catalyst particle
tures (Figure4.22). Some CNTs appear to be blocked with a small wedge-shaped
catalyst particle, others are open and unblocked. The uncapped structure has a
large number of dangling bonds, which leads to a higher energy structure than a
capped CNT. The reason for this high energy uncapped structure is not known.
The internal shells of these N-doped CNTs show frequent and regular capping, in
contrast to the open ended tips. Indeed, it has been argued above that due to the
slight herringbone structure of these CNTs each shell may well begin with a cap as
an internal shell and slowly become an external shell. However the first few shells
do not show capping.
Reyes-Reyes et al.[7] suggested that the particles seen in the tips of their N-doped
CNTs was amorphous carbon and amorphous Fe, where as Ducati et al.[6] showed
that the particles in the tips of their N-doped CNTs were single crystal Fe3C and
are orientated with the [110] direction parallel to the CNT axis.
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Figure 4.22: SEM image of broken N-doped MWCNTs
Inner shells, which have formed an internal compartment are still intact
4.4.8 Effect of catalyst concentration on growth of N-doped
MWCNTs
b
Ferrocene is thought to decompose to form the catalyst particles which nucleate the
CNTs. The supply of more ferrocene may have two effects on the catalyst particles;
it may cause them to grow larger which may effect on the diameter of the CNTs
and it may cause the nucleation of more CNTs, which may lead to a more densely
packed CNT mat and hence more steric hinderence and straighter CNT growth.
Ferrocene may have other effects on CNT growth which are discussed in chapter 6.
Standard reaction parameters as described in section 4.4 were used but the ferrocene
concentration was increased from 2 to 3 percent by weight in toluene/pyrazine.
As seen before at 2wt% ferrocene and 40wt% pyrazine the CNTs were fairly straight
throughout the body of the CNT mat lengths but had curly tips. At 3wt% the
bThe work in this section was carried out with help from Laleh Safinia
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lengths of the CNTs were very straight and aligned. Figure 4.23 compares the
N-doped MWCNTs grown with 2 and 3wt% of ferrocene in the injected feedstock.
The CNTs grown with 3wt% ferrocene had surprisingly smooth and uniform outer
surfaces suggesting a very low defect concentration. The diameters of the CNTs
increased slightly with increased ferrocene concentration to between 60 and 120nm.
The lengths of the CNT mats were also longer, around 250µm (Figure 4.24).
The tips of the CNT mats were more disordered than the body of the mats, as
was seen with all the CNTs grown via this CVD method. However, in the run
with 3 wt% ferrocene injected the onset of ‘curliness’ occurred uniformly across the
whole CNT mat (Figure 4.25). An increased level of amorphous carbon particulates
was seen on the tips of the CNTs, as has previously been found with CNTs grown
with 2wt% of ferrocene, but here occurs in regimented stages, with the increase in
curliness (Figure 4.26).
A longer more disordered growth was seen at the sides of the quartz slides when
CNTs were grown under these conditions. The diameter of these CNTs was often
in the range of 200nm. These larger CNTs were longer and displayed a more disor-
dered and curly morphology than the CNTs mats grown along the surfaces of the
quartz slides. The larger diameter of these CNTs may be attributed to Fe particles
agglomerating in the rough, uneven, unpolished edges of the slides.
TEM studies revealed a range of different diameter N-doped CNTs with similar
internal morphologies at 2 and 3wt% ferrocene. (Figure 4.27) In general, webbed
structures are more prevelent at larger diameters and stacked cone at smaller diame-
ters. The large internally webbed CNTs were prevalent in the 3wt% sample (Figure
4.28). The slight herringbone angle is visible in these structures, new outer shells
are seen along the external walls (Figure 4.29).
The ferrocene concentration was subsequently increased to 6wt%, no other exper-
imental parameters were changed. The solution was injected for 1 hour instead of
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(a) 2wt% (b) 3wt%
Figure 4.23: SEM images comparing N-doped MWCNTs grown with 2 and 3wt%
ferrocene
Figure 4.24: SEM images showing the length of N-doped MWCNTs grown with
3wt% Ferrocene
Figure 4.25: SEM images showing the abrupt edge between curly tips and straight
lengths of N-doped MWCNTs grown with 3wt% Ferrocene
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(a) (b)
Figure 4.26: SEM images showing the increase of amorphous carbon particulates
toward the tips of N-doped MWCNTs grown with 3wt% Ferrocene Blue arrows
indicate some of the amorphous carbon particles. a) area just below (body side of)
the abrupt edge between straight body and curly tips of the CNT mat as illustrated
in Figure 4.25. Amorphous carbon particles are still seen but are smaller and less
frequent than in the tip areas. b) area just tip side of the abrupt edge between the
straight and curly CNTs
(a) (b)
Figure 4.27: TEM images of N-doped MWCNTs grown with 3 wt% ferrocene show-
ing the variety of the internal morphologies a) CNTs with a stacked cone internal
structure b) CNTs with a range of diameters, the larger diameter CNTs have a
webbed internal structure and very small diameter CNTs have a bamboo-like struc-
ture. CNTs with intermediate diamter have stacked cone structures
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(a) Elongated catalyst particle (b) Internally webbed structure
Figure 4.28: TEM images of N-doped MWCNTs grown with 3 wt% ferrocene: In-
ternal webbing of MWCNTs
a) elongated catalyst particle in the base of the CNT b) Higher resolution image
showing the internal webbing. Inner shells begin to peel away from the main body of
the CNT walls before forming weblike struts across the internal space of the CNTs
the usual four which was not thought to affect the tip structure of the straightness
of the CNT mats.
Unaligned growth at the sides of the quartz slides was much more pronounced at
6wt% than at 3wt%. The mats of CNTs appeared to be slightly grey in colour
indicating an increase in amorphous carbon production under these conditions, as
confirmed by SEM (Figure 4.30a). Flakes of amorphous carbon were seen on the
top of the CNT mats and particle-like deposits of amorphous carbon decorated the
tips of the CNTs. The base and length of the CNTs appeared straight and aligned
but the tips were still disordered and slightly curly in morphology. The depth of the
curly disordered top layer was shorter than at 3wt% ferrocene (Figure 4.30).
The increase in ferrocene concentration appears to improve the density and straight-
ness of the CNTs. Excess of catalyst appears to promote the production of amor-
phous carbon. The optimum ferrocene concentration may well lie between 3 and
6wt%, but this hypothesis requires further study.
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Figure 4.29: TEM image of N-doped MWCNTs grown with 3 wt% ferrocene showing
slight herringbone angle
CNT growth direction is upwards toward the top of the page, external diameter at
the right hand side of the image. Red rings illustrate the starting points for new
external shells
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(a) Amorphous carbon at tips (b) Curly tips
(c) Tips with a-C (d) Roots
Figure 4.30: SEM images showing the amorphous carbon layers on tips of N-doped
MWCNTs grown with 6 wt% ferrocene
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4.4.9 Effect of distance from the vaporisation source and
effect of carrier gas flow rate
Conditions for experiments discussed in this section were standard conditions, ex-
cept that 3 wt% ferrocene was used.c It was noticed that CNT growth on quartz
slides placed at increasing distances away from the injector showed different CNT
lengths. Quartz growth substrates placed at 50 and 70cm away from the point of
injection were investigated by SEM. At 50cm (Figure 4.31) the CNTs were mainly
straight with curly tips and relatively free from amorphous carbon, as discussed in
the previous section. At 70cm (Figure 4.32) there is an increase in the amount of
amorphous carbon and the CNT mat is shorter (∼190µm compared to ∼270µm).
This change may be due to the consumption of carbon or iron source upstream.
Broken CNTs were observed where the CNT mat was pulled apart in SEM prepa-
ration. It is possible to see broken CNTs with the inner shells still intact. The
broken CNTs usually show a stacked cone or compartment structure and this type
of morphology may be more prone to breakage in this manner.
cSome of this work was carried out with help from Laleh Safinia
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(a) (b)
(c) (d)
Figure 4.31: SEM images of N-doped MWCNTs grown on a quartz slide 50cm from
the injector
Conditions were 40wt% pyrazine in toluene and a 3wt% ferrocene concentration
a)CNT mat b)centeral area of CNT mat c) tips of CNT mat d)CNT mat near tips
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(a) (b)
(c) (d)
Figure 4.32: SEM image of N-doped MWCNTs grown on a quartz slide 70cm from
the injector
conditions were 40wt% pyrazine in toluene and a 3wt% ferrocene concentration a)
length of mat with disordered growth at the tip, b) aligned length of mat, c) broken
CNTs showing intact internal shells with a cone like morphology, d) curly tips with
amorphous carbon deposits
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4.4.10 Effect of carrier gas flow rate on CNT growth and
the variation along the furnace
The argon carrier gas flow rate was chosen as described in an section 4.3. As de-
scribed in the previous section, CNT growth varied along the length of the quartz
tube furnace, due to consumption of the feedstock. The Argon flow rate was in-
creased in an attempt to reduce the variation in precursor supply throughout the
furnace. The N-doped MWCNTs were grown from a 40wt% pyrazine in tolune and
a 3wt% ferrocene concentration with an Ar flow rate of 2200mlmin−1. Slides were
placed at 50, 70 and 90cm from the injector. The higher flow rate corresponds to
a lower conversion rate, with more deposits collected in the bubblers downstream
of the furnace. At 50cm the typical CNT mat length was around 120-130µm com-
pared with 250µm for the standard 2000mlmin−1 flow. There is a large amount of
disordered overgrowth at the sides of the quartz slides with a very curly disordered
tip morphology. The tips of the CNT mats on the top of the quartz slide, although
still more disordered than the body of the mat were not very curly (Figure 4.33).
At 70cm the CNT length is slightly longer(around 170µm). The curly tip region is
reduced but the general alignment is lower due to a lower CNT density (Figure 4.34).
At 90cm the sample was heavily contaminated with amorphous carbon. The CNTs
were very short and the tips showed a very curly nature. At this distance from the
injector the conditions and relative concentrations of ferrocene and carbon source
were not optimal for production of CNTs and amorphous carbon was preferentially
produced (Figure 4.35).
At a carrier gas flow rate of 2200mlmin−1 CNTs grow longest at a distance of 70cm
compared with 50cm with a flow of 2000mlmin−1. Whilst a reduction in the curliness
of the tips was seen compared to 2000mlmin−1, the body of the CNT mats was less
straight due to less dense growth There is a need for further work on the optimum
precursor supply rates at different carrier gas flow rates and better reactor design.
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(a) length (b) overgrowth at edge of slide
(c) Bases (d) Tips
Figure 4.33: SEM images of N-doped MWCNTs grown with a carrier gas flow of
2200ml−1 Ar. Quartz slide placed at 50cm from injector
a) part of the CNT mat with curly less ordered tips lying on the curly tipped CNT
mat b) long disordered overgrowth found at the edges of the quartz slides c) straight
bases of CNT mat d) CNT tips
Figure 4.34: SEM images showing the length of N-doped MWCNTs grown with a
carrier gas flow of 2200ml−1 Ar. Quartz slide placed at 70cm from injector
a) overgrowth on sides of slide with shorter less disordered CNTs on top of slide in
the foreground b) CNT mat with short curly tips.
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Figure 4.35: SEM images of amorphous carbon coated curly tips of N-doped MWC-
NTs grown with a carrier gas flow of 2200ml−1 Ar
Growth from quartz slide placed at 90cm from injector
4.4.11 Effect of growth time: Early stage growth studies
There are two models to explain the curly tip region observed for these injection CVD
grown CNTs. Either slow nucleation delays the onset of sufficient steric crowding,
forcing the growth upwards and increasing alignment as suggested by Pinault et
al.[61] Or the CNTs began to grow straight but subsequently grow a curly tip.
N-doped carbon nanotubes were grown for times of 1 minute, 5 minutes, 8 minutes
and 10 minutes, with the same conditions described in section 4.3 however, no black
CNT deposits were seen on the quartz slides or tube. After a growth time of 20
minutes a thin black deposit was seen on the quartz slides. SEM investigations
(Figure 4.36) showed short carbon nanotubes is some areas of the quarts slide.
Catalyst particles could be seen at the base of the CNTs suggesting a base growth
mechanism. The short CNTs appeared to grow in small clumps which appeared
curly as expected due to the low density of nucleated CNTs. There is clearly a
significant nucleation time (10-20 minutes) which varies locally. The incomplete
nucleation and poor initial alignment favours the model of Pinault et al.[61]. Very
little amorphous carbon is observed, suggesting that amorphous carbon deposits
throughout growth not at the beginning of growth. CNT tips may show more
amorphous carbon deposits as they form first and acquire deposits over a longer
time.
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(a) uneven covering (b) curly tips
(c) sparse growth (d) straighter bases
(e) CNTs grew in clumps (f) catalyst particles at roots
Figure 4.36: SEM images of N-doped CNTs grown for 20 minutes with a flow rate
of 2000mlmin−1 and a 40:60 pyrazine to toluene ratio with 2wt% of ferrocene
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4.4.12 Growth of N-doped CNTs from predeposited Fe particles
In order to encouraging a more even and faster nucleation of CNTs, by maximizing
steric crowding and straightness an attempt was made to seed CNT growth with
pre-deposited Fe catalyst particles.
N-doped CNTs were grown with standard reaction parameters (Section 4.3) for 30
minutes. The resultant CNT growth was then investigated by SEM (Figure 4.37).
This growth time produced only a few very short CNTs as well as a large number of
hexagonal crystals. These short CNTs were then burnt off from the quartz slide at
a temperature of 800℃, to leave only an orange oxidised iron deposit. This deposit
was then reduced in the tube furnace under a flow of argon with 10% hydrogen
for 1 hour at 760℃. The carrier gas was then changed to Ar and the injection
mixture was introduced as before for 1 hour (Figure 4.38). The seeded CNTs did
not grow uniformly over the surface. Some CNTs grew longer than others on the
slide, possibly from the pre-deposited Fe particles. A more uniform deposition of Fe
catalyst particles may create a more uniform covering of CNTs.
Figure 4.37: SEM of N-doped CNTs grown for 30 minutes with a 40 to 60 pyrazine
to toluene ratio and 2wt% ferrocene
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(a) (b)
(c) (d)
(e)
Figure 4.38: SEM images of seeded N-doped CNTs grown for 1 hour from a 40:60
pyrazine to toluene ratio with 2wt% ferrocene
a) uneven CNT growth b) mat of CNTs c) straight roots of CNTs d) disordered
tips e) curly tips of CNT mats
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4.4.13 Effect of addition of hydrogen during growth
N-doped CNTs were grown with standard conditions described in section 4.3 ex-
cept pure Ar was replaced with a 10% H2 in Ar. The CNTs produced are longer
than when grown with only Ar and are approximately the same length as pure CNTs
grown under similar conditions. SEM investigations (Figure 4.39) revealed the wavy
morphology of the CNTs similar to that of pure CNTs but with a smoother mor-
phology characteristic of N-doped MWCNTs. SEM images of CNTs grown with
pure Ar and Ar 10% H2 are compared in Figure 4.40. He et al.[117] studied nitrogen
incorporation with varying hydrogen concentrations and found that as H2 levels in
the carrier gas increased the nitrogen content in the CNTs decreased. The proposed
mechanism was the formation of relatively stable HCN from CN. and CH3
. radicals
which was removed from the furnace by the flowing carrier gas, reducing the avail-
ability of nitrogen for incorporation. Wang et al.[115] carried out in situ optical
emission spectra of a microwave plasma used for growth of N-doped CNTs. They
found that H atoms tend to bond with N atoms limiting their influence.
(a) Curly length and tips (b) Clumps of curly tips
Figure 4.39: SEM images showing curly body and tips of N-doped MWCNTs grown
in the presence of hydrogen
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(a) Ar/H2 (b) Ar
Figure 4.40: Comparison of SEM images of N-doped MWCNTs grown in Ar and
N-doped MWCNTs grown with an Ar 10% H2 carrier gas
All other reaction parameters were the same
4.5 Summary and Conclusions
This chapter describes the growth of pure and N-doped MWCNTs by injection CVD
in a large quartz tube furnace. The growth parameters influenced the quality and
quantity of the CNTs. The quality was assessed in terms of the level of contamina-
tion with amorphous carbon and the length, diameter and straightness of the CNTs.
Pure CNTs were produced in a large scale with up to 3 grams of CNT mats pro-
duced in each run. SEM studies revealed that the CNTs grew in thick aligned mats
up to 1mm in length. Increasing the flow rate of carrier gas reduced the produc-
tion of amorphous carbon which was thought to deposit due to an oversupply of
carbon and length of precursors residence in the reaction vessel. These CNTs had
large spherical catalyst particles at the roots, approximately three times larger in
diameter than the CNTs extruded from them, implying a base growth mechanism.
These CNTs mats displayed a more curly nature at the tips than throughout the
body of the CNT mats, which is attributed to low density of CNT growth during
the induction phase and also implies a root growth mechanism.
The effect of nitrogen containing precursors incorporation into the feedstock was
investigated. The morphology of both the CNT and the catalyst particles varied
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dramatically. The N-doped MWCNTs showed a slight herringbone structure, a very
large internal diameter with fewer graphitic shells and unusual internal webbing
or capping separating the internal space into compartments. The rate of internal
shell capping correlates with surface shell termination since the slight herringbone
angle causes the outer shells to gradually traverse the wall thickness. The catalyst
particles are elongated and in larger CNTs form a very long cone. The catalytic
decomposition of nitrogen containing precursors to N2 gas in the catalyst particle is
thought to be responsible for the elongation of the particles. The catalyst particle
morphology is thought to affect the structure of the CNT.
The growth conditions were shown to vary along the length of the furnace, due
to the injected feedstock consumption in the upstream areas of the furnace. At
a flow rate of 2000mlmin−1, the CNTs were shorter and slightly more disordered
with increasing distance downstream and were more contaminated with amorphous
carbon. The quality of the CNTs varied with distance from the root of the CNTs.
Thus comparisons of CNT quality should be made from exactly the same portion
within the CNT mat.
A variety of growth parameters were investigated. Ferrocene concentrations were
varied from 2 to 6 wt%. As the concentration increased the CNTs were longer and
more closely packed which lead to improved alignment. However, at 6wt% ferrocene
more amorphous carbon contamination was observed.
The addition of hydrogen to the injected mixture caused a loss of the characteristic
N-doped morphology, most likely nitrogen reacted with the hydrogen forming stable
HCN which was eliminated from the furnace as a gas.
Early growth studies showed that the CNTs appear to nucleate in small clumps or
patches and that some CNTs nucleate before others. With only sparse nucleation
there is little steric hinderence and CNTs do not grow in an aligned manner. There
was very little amorphous carbon deposition seen on the early stage growth suggest-
ing that this contamination often seen on the tips of the CNTs may be deposited
throughout the growth.
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Attempts to grow aligned mats of CNTs by regrowing from Fe catalyst particles
which were pre-deposited in an earlier run was successful. However, the deposition
of catalyst particles was not uniform, leading to some areas of long growth and some
areas of shorter growth. The CNTs even from the longer growth did not appear to
have straight ordered tips and contamination with amorphous carbon was common.
From the experiments discussed in this section the optimum CNT growth conditions
are listed; A flow rate of 2000mlmin−1 litres per minute as this flow rate gives a fairly
uniform CNT growth throughout the furnace tube and a high reagent conversion
rate. A ferrocene concentration of 3 wt % as this leads to a dense but relatively
amorphous carbon contaminat free CNT mat. For N-doped CNTs 40 wt% pyrazine
leads to the straightest CNT structures despite the curly nature of the tips of the
mats without inhibiting growth as with 60% pyrazine. For pure C no pyrazine con-
centration is required but the other optimum conditions remain the same.
This chapter has investigated the growth and morphology of N-doped and pure
carbon CNTs as summarised above. MWCNTs were successfully grown in gram
quantities in a large tube furnace however, there is still work to be done on main-
taining the quality of the CNTs. The interesting morphology of N-doped CNTs
was investigated and the possible ways that nitrogen could cause the morphologi-
cal changes were discussed. The understanding of CNT growth is useful for their
production for applications. Pure CNTs were produced from the optimum condi-
tions described above, and used for evaluation as gas sensor materials in subsequent
chapters.
Chapter 5
Purification and functionalisation
of CNTs for gas sensing
applications
5.1 Introduction
Carbon nanotubes are amphoteric and respond to both electron withdrawing and
donating molecules. The encompassing range of gases and vapours to which CNT
sensors respond gives great scope for their integration into a myriad of sensing ap-
plications. However, selectivity towards one molecule over others is poor for pristine
CNTs. Polymer coatings have been demonstrated to increase sensitivity and selec-
tivity towards either electron withdrawing or donating analytes[19]. Decoration with
catalytic metal particles has been shown to increase sensitivity to analytes which
undergo little charge transfer with CNTs[101], modifications may also alter the sen-
sor dynamics upon exposure[108]. Surprisingly, studies on modified CNT material
often do not compare the sensor response before and after functionalisation or pu-
rification. The functionalisation and purifications discussed in this chapter aim to
provide a representative collection of test materials for sensor response comparison.
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The different sensing mechanisms enabled by each new modification can then be
explained separately.
5.2 Synthesis of carbon nanotubes
To simplify comparisons, one batch of carbon nanotubes was synthesised and used
for all sensor layers. Purification and modifications were preformed on this same
material. The equipment used for the growth of the CNTs were described in section
3.6 on page 44. The feedstock used was a solution of 3wt% ferrocene in toluene with
an Ar/H2 carrier gas flow rate was maintained at 2000mlmin
−1, and the injection
rate of the feedstock was 5mlhour−1. Figure5.1 shows SEM images of the CNT
batch.
5.3 Purification
Carbon nanotubes may contain impurities and contaminants such as metal catalyst
nanoparticles and carbonaceous species either integrated into the CNTs or as dis-
crete particles. The separation and removal of these impurities is challenging, both
because metal nanoparticles are often encapsulated inside CNTs and because the
carbonaceous species have a similar reactivity to the pure CNTs[118]. There are a
great many reports of purification protocols available; acid refluxes are commonly
used to improve the purity and dispersibility[119] of CNTs in aqueous solution, often
using nitric acid[120, 121] or mixture of acids such as HNO3 and H2SO4[122, 118]
resulting in the dissolution of metal impurities[118] and oxidation of the carbon.
Amorphous and defective carbon is attacked at a faster rate due to its higher reac-
tivity compared to closed-shell CNTs, leading to its preferential removal. However,
damage of the CNTs cannot be prevented completely, as defects and open ends of
CNTs are also oxidatively attacked. These treatments can cut nanotubes, reducing
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(a) CNTs on quartz substrate
(b) CNT mats
(c) Central area of CNT mat
Figure 5.1: SEM images of the as-grown MWCNTs used for subsequent purification
and modification
Growth conditions were 3wt% ferrocene in toluene injected at 5mlhour−1 with a
2000mlmin−1 Ar 10% H2 carrier gas flow
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their length[123] and decrease the diameter of MWCNTs[124]. Acid reflux treat-
ments often leave behind molecular debris of highly oxidised carbon fragments on
the outer shells[120]. The greater concentration of debris is expected after the mixed
acid reflux due to the production of the nitronium ion (NO2
+) by the well known
equation;
H2SO4 + HNO3 ⇀↽ HSO4
− + NO2 + H2O.
The nitronium ion is more oxidising than nitric acid alone[125].
It has recently been shown[126, 125] that including a base-washing step after the
acid reflux removes more amorphous carbon, residual impurities and contaminants
associated with this process.
The acid reflux[118, 120, 122] and base-washing[126, 125] processes used in this work
has been discussed elsewhere, however a brief description will be given: MWCNTs
grown by CVD as described above were refluxed in a 3:1 H2SO4/HNO3 mixture at
120℃ for 30 min, and then thoroughly washed with distilled water, until the filtrate
was colourless and pH neutral. The refluxed CNTs formed a stable dispersion on
sonication in water. A base-washing step using 0.01M NaOH initially produced a
yellow/brown filtrate, the washing was continued until the filtrate was colourless.
The resulting CNT dispersion was then washed with distilled water until pH neutral.
Finally, the product was washed with 0.01M HCl, then washed until pH neutral with
distilled watera. This process not only cleans the surface of the CNTs and removes
any amorphous debris but after purification the CNTs form a more stable aqueous
suspension. To remove any residual acid groups on the surface of the CNTs a
vacuum annealing process was undertaken. The CNTs were placed into the tube
furnace and heated to 1100℃ for 4 hours under a vacuum of 5×10−4mbar. After
the annealing process, the MWCNTs were no longer as readily soluble in water
aThis purification process was partly carried out by Laleh Safinia
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Figure 5.2: TEM images before purification showing amorphous carbon coating on
CNT walls
due to the desorption of polar groups from the surface of the outer walls which
were introduced during the growth and purification process. An ultrasonic probe
tip was used in combination with an ultra sonic bath to disperse the CNTs. The
resulting aqueous suspension was stable but only for a few hours. Figure 5.3 shows
TEM images of the MWCNT before and after purification and annealing and typical
breakage caused by purification and ultra sonication.
Single walled carbon nanotubes (labeled as Elicarb and produced by Thomas Swann)
were also purifiedb with acid reflux, basewashing and vacuum annealing using a
similar protocol as was used with the MWCNTs, as described by Fogden et al.[125].
The sensing properties of purified SWCNTs were compared to that of the purified
MWCNTs, and the results are discussed in chapter 7.
bThe SWCNT purification was carried out by Siaˆn Fogden
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Figure 5.3: TEM images after purification and typical CNT breakage after purifi-
cation and ultra sonication Top)Outer edge of CNTs have little amorphous carbon
coating the graphitic carbon walls. Centre)graphitic CNT walls. Bottom) Broken
CNT likely to be due to ultasonication
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5.4 Functionalisation of CNTs
After undergoing purification CNTs were divided into batches and functionalised
with either Pt or Pd additives at 2 or 0.2 wt%, or coated in either polyethyleneimine
or copperphthalocyanine, to give a range of functionalised CNTs for gas sensing.
5.4.1 Functionalisation with metal additives
The metal salts K2[PdCl6](Aldrich) and K[PtCl4](Aldrich) were mixed with aque-
ous, well-dispersed suspensions of purified MWCNTs, so that solutions had 2:98wt%
and 0.2:99.8wt% metal to MWCNT. Each batch was then dried in an oven at
100℃ scraped from the glass dish then placed into Al2O3 boats in a tube fur-
nace which was heated to 100℃ for 20 minutes under a flow of argon with 10%
hydrogen to reduce the salt to the metal.
Investigation with SEM (SEM, LEO Gemini FEGSEM) did not resolve any parti-
cles. However, TEM investigations (HRTEM, JEOL JEM 2010, operating at 200
kV) revealed that for the Pt decorated MWCNTs, small particles between 1 and 3nm
in diameter were formed on the outer tube wall. The particles were well separated
and fairly evenly distributed. Pd particles were observed by TEM on the MWCNTs
treated with palladium salt, however, some agglomeration of particles was seen espe-
cially on defective areas of the tube walls (Figure 5.4). Felten et al.[127] found that
evaporated Au particles nucleated at areas with defects or amorphous carbon. De-
fects on the walls of the CNT which lead to dangling bonds have a greater tendency
to bind with atmospheric oxygen, these oxygen containing groups on the surface
may act as nucleation points for the Pd particles. High resolution TEM images
revealed a slightly faceted shape to the Pt particles (Figure 5.5).
Figure 5.5 shows a high resolution TEM image of a Pt nanoparticle on the CNT
wall.
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(a) 2wt% Pt (b) 2wt% Pt
(c) 0.2wt% Pt (d) 0.2wt% Pt
(e) 2wt% Pd (f) 0.2wt% Pd
Figure 5.4: TEM images of Pt and Pd nanoparticles decorating the CNT walls
both metals were well distributed over all the CNTs but the Pd particles have a
greater tendency to agglomerate in defective areas, or in areas where amorphous
carbon remained
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Figure 5.5: High resolution TEM image of a Pt particle on a CNT wall
The lattice fringes of both the CNT and the Pt particle are visible
Figure 5.6: EDX analysis of Pd decorated MWCNTs
Energy dispersive x-ray analysis (EDX) was carried out on all of the samples deco-
rated with metal particles. No signal was detected from the metals in the 0.2wt%
samples or the 2wt% platinum sample however, for the palladium 2wt% sample a
clear paladium peak was observed (Figure 5.6).
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5.4.2 Functionalisation with organic molecules
A PEI coating was introduced to a batch of MWCNTs by mixing in a 1:1 PEI
(Supelco, average Mn ∼60,000 by gel permeation chromatography, average Mw
∼750,000 by light scattering) to MWCNT weight ratio. The aqueous solution of
PEI acted as a surfactant, holding the MWCNTs in suspension that was stable for
several days. On drying of the suspension the MWCNTs were well coated in a thick
(∼5nm) layer (Figure 5.7).
Another batch of purified MWCNTs was coated with copper phthalocyanine(CuPc).
10mgs of CNTs were dissolved in an aqueous solution of CuPc at a 1:2 CNTs to
CuPc weight ratio and stirred for 12 hours. As the vacuum annealed CNTs were not
stable in solution for this length of time, purified but un-annealed MWCNTs were
used. The CuPc was precipitated onto the walls of the CNTs by reduction with 0.88
aqueous NH3 solution(∼ 0.5ml), which was added in a dropwise manner. Stirring
was continued for a further 4 hours and then the solution was filtered and washed
with distilled water. This process completely coated the walls of the MWCNTs with
a 5-10nm layer of CuPc (Figure 5.7)
(a) PEI coated MWCNT (b) CuPc coated MWCNT
Figure 5.7: TEM images of CuPc and PEI coated CNTs. The lattice fringes of the
graphitic layers are just visible through the coatings(annotated on image)
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5.5 Summary and Conclusions
MWCNTs grown by CVD have been purified by acid reflux, basewashing and vac-
uum annealing. Batches of the purified CNTs were then decorated with catalytic
metal particles Pd and Pt at 2 and 0.2wt%. Coatings of PEI or CuPc were also
applied to batches of purified CNTs to provide a wide range of different sensing
materials to compare the effect that the modifications have on the sensing prop-
erties of CNTs. As-grown CNTs that had not undergone the purification process
were also compared to investigate the effect that purification has on the gas sensing
properties. The sensing results are discussed in chapter 7.
Chapter 6
Production of prototype sensor
devices
6.1 Production of MWCNTs using predeposited
catalyst
The injected catalyst method enables growth on all areas of suitable substrate,
producing large quantities of material. However, for microelectronic devices and
many other applications it is more important to locate the CNTs at a specifically
defined position, in aligned arrays or individually bridging between catalyst coated
contact pads.
Control over the location of CNT growth can be achieved by growing from pat-
terned areas of pre-deposited catalysts. Growth of individual, vertically oriented
nanofibers on pre-deposited catalyst islands, as well as MWCNTs bridging prede-
posited catalyst pads has been demonstrated[128, 129, 130, 131, 132]. CNTs may
also be integrated into sensor devices after growth by dispersion and deposition
between electrodes. The first method is scalable and can be integrated with semi-
conductor technology. The second method enables CNTs to be synthesised with the
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properties required for the device without the restrictions imposed by growth from
the electrode layer, or the low temperatures compatable with the chip based device.
The second method offers more process freedom allowing for easier purification and
modification of the CNTs, and does not impose restrictions on the temperature
stability or type of material used for the electrode system.
6.1.1 Use of aromatics and alcohols as the carbon source
In the following experiments, CNT growth was attempted swapping injected Fe in
the form of ferrocene for a sputtered pre-deposited iron catalyst.
Quartz slides were cleaned by sonication in acetone, ethanol, rinsed with distilled
water and blown dry. The slides were then heated to 800℃ to remove any residual
carbon, and, when cool, loaded in to a sputterer (Emitech K575 sputterer operated
at 120mA) fitted with a quartz crystal microbalance film thickness monitor (K150X).
The Fe catalyst layer was sputtered with varying thicknesses on one slide by moving
a cover slip along the quartz slide at each sequential sputtering. The layers deposited
were 0, 10, 20, 30, 40 and 50nm thick.
Conditions for growth were chosen from optimised growth parameters for the floating
catalyst method and the ferrocene catalyst was simply omitted - the pre-deposited
iron acting as a catalyst. The conditions tried in the original experiments were: a
temperature of 800℃, an Ar/H2 flow rate of 2000mlmin−1, and a toluene injection
rate of 5mlhour−1. Before growth, the samples were loaded into the tube furnace
which was then sealed by gaskets either end and the Ar/H2 carrier gas was flown in
at a low rate to check for leaks. When it had been determined that there were no
leaks, the Ar/H2 flow rate was increased to 2000mlmin
−1 and the heaters switched
on. Once at temperature the slides were left for 30 minutes for the Fe to reduce
under the hydrogen atmosphere and then the carrier gas was switched to Ar and
toluene was injected at a rate of 5mlmin−1, for one hour.
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Experimental parameters
Hydrocarbon Temperature[℃] Catalyst and thickness[nm]
Toluene 800 Fe 10, 20, 30, 40, 50
Toluene 760 Fe 10, 20, 30, 40, 50
Xylene 800 Fe 10, 20, 30, 40, 50
Xylene 760 Fe 10, 20, 30, 40, 50
Xylene 700 Fe 10, 20, 30, 40, 50
Xylene 650 Fe 10, 20, 30, 40, 50
Ethanol 800 Fe 10, 20, 30, 40, 50
Ethanol 800 Ni 10, 20, 30,
Methanol 800 Ni 10, 20, 30,
Table 6.1: Growth parameters for CNT growth from pre-placed catalyst experiments
These experiments were repeated several times, however, no growth was achieved.
The areas of quartz slide that were coated with Fe developed a grey colour whilst the
uncoated regions remained clear and colourless (Figure 6.1). Varying the parameters
(Table 6.1) provided no improvement. Temperatures of 760, 700, 650℃ and the
replacement of toluene with xylene or ethanol produced the same negative result.
The catalyst metal was changed to nickel (0, 10, 20 and 30nm) and the growth
experiments were repeated injecting either ethanol or methanol (5mlmin−1) at a
temperature of 800℃. A darker coating was observed on the Ni coated quartz which
may have been NiO or may have indicated CNT growth. SEM investigations did
not reveal any CNTs on injecing ethanol, however, short defective CNTs were found
amongst predominately amorphous carbon deposits after the injection of methanol
(Figure 6.2). These experiments are summarised in table 6.1
In the literature MWCNT growth experiments using pre-deposited iron catalyst
most often use acetylene as the carbon source. The use of xylene or toluene is rare.
The choice of the carbon feedstock is known to affect the growth of CNTs. Baker and
Harris studying “filamentous carbon” in 1978 [70] reported that unsaturated hydro-
carbons such as C2H2 had much higher yields and higher deposition rates than satu-
rated gases. They also observed that saturated carbon gases tend to produce highly
graphitized filaments with fewer walls compared with unsaturated gases. Thus, hy-
drocarbons such as CH4[133] and CO[134] are commonly used for SWCNT growth,
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Figure 6.1: SEM images showing amorphous carbon deposits on Fe films after
toluene injection at 800℃
Figure 6.2: SEM images showing amorphous carbon and CNT deposits on Ni films
after methanol injection at 800℃. Blue arrows indicate the CNT growth amongst
the globular amorphous carbon deposits
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whereas hydrocarbons such as C2H2(acetylene)[56], C2H4(ethylene)[58] which are
unsaturated, so have a higher carbon content, are typically used for MWNT growth.
There are reports of unsuccessful[135] and poor quality[136] CNTs synthesis using
aromatic precursors and thermal CVD with pre-deposited catalysts. Some CNT
formation was seen amongst sooty deposits with a benzene precursor using a Ni
catalyst[136]. However, no CNT growth using toluene was seen when an Fe catalyst
was used[135, 137]. It was suggested that there was no driving force for aromatic
compounds to react at the catalyst surface and form CNTs as any formation reaction
would be reversible.
Despite the majority of negative reports relating to CVD synthesis of CNTs over Fe
with aromatics, growth using benzene has been reported using an Fe2Ni catalyst on
an Al2O3 substrate by thermal CVD at 650℃[138]. The mechanism suggested by
the authors was that benzene was used as a building unit for the construction of the
graphene planes of the CNTs. As CNT growth with pure Fe films was not successful,
they postulated that the optimised Fe2Ni catalyst could selectively dissociate the
C-H bond in benzene.
It would appear that CNT growth is both catalyst and hydrocarbon specific. How-
ever, why CNT growth using toluene or xylene is successful from the iron particles
formed from decomposing ferrocene in the injected catalyst method, but unsuccess-
ful with Fe particles from a predeposited film, is unclear. Fe catalyst particles are
found in the root of CNTs grown by injected catalyst CVD, to determine if these
catalyst particles would support growth with toluene as a carbon source to a greater
extent than those produced by the thermal annealing of an Fe film, the following
experiments were carried out.
A short film of CNTs were grown by injection of toluene with 3wt% ferrocene, the
ferrocene was then removed to explore whether pure toluene would support further
growth. A toluene with 3wt% ferrocene solution was used for the initial injection,
before quickly replacing the toluene/ferrocene syringe with a syringe containg pure
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(a) (b)
(c) (d)
Figure 6.3: CNT growth after ferrocene then only toluene injection
a) and b) Growth after 10 minutes of toluene and ferrocene injection then a 20
minute injection with just toluene showing a longer CNT mat length than c) and
d) which show the shorter CNT growth after a 10 minute toluene/ferrocene then a
2 hour toluene injection
toluene. The injection rate was 5mlh−1, and the carrier gas (Ar with 10% hydrogen)
flow rate was 2000mlmin−1. The injection with ferrocene was 10 minutes in duration
pure toluene injected for 20 minutes and 2 hours. The lengths of the mats (Figure
6.3) are very similar, indicating that little or no growth took place after ferrocene
was removed from the mixture. The reults are consistent with Pinault et al [61] who
performed related sequential experiments. Sequential injections of ferrocene/toluene
gave sequential mats of CNTs with each new mat forming beneath the previous
growth. Pure hydrocarbon did not increase the length of the CNTs, rather forming
a thin 10µm amorphous carbon layer at the base of the previous CNT mat.
Aromatics may tend to coat the Fe particles rather than breakdown and dissolve
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into the particle, causing its deactivation in the absence of additional Fe, or the iron
may be lost into the CNT core. Alternatively the role of ferrocene may not just be
to act as a nucleation point but it may also be involved in the cracking of the or-
ganic molecules before their absorption into the Fe particles. Eres et al.[139] studied
the reasons for the termination of CNT growth from acetylene over pre-deposited
Fe particles, they found that upon addition of ferrocene during the reaction, the
growth continued for longer and the rate of growth was faster. The authors gave
two possible mechanisms for this effect; either the ferrocene particles can enhance
the activity of the predeposited metal catalyst by providing a continuous flow of
active Fe, or that the ferrocene could enhance the the production of molecular inter-
mediate decomposition products that actively mediate acetylene dehydrogenation
and incorporation into CNTs. This second explanation, that the Fe particles from
the decomposing ferrocene are more active in the dehydrogenation and decomposi-
tion of hydrocarbons than the Fe catalyst particles at base of the CNTs, supports
the lack of growth seen for organic molecules over Fe films without ferrocene in-
jection. Eres et al.[139]studied the decomposition of ferrocene, and found that at
temperatures below 750℃ Fe rich amorphous carbon was deposited whereas at tem-
peratures above 750℃ only Fe particles were deposited. They also stated that if
growth was restarted, the CNTs were continuous with the previous growth. Kopri-
arov et al.[140] studied the thermal decomposition of ferrocene and suggested that
the decomposition of ferrocene leads to highly active Fe atoms which allows the
formation of Fe-C under conditions disallowed for bulk iron.
6.1.2 CNT growth with an acetylene carbon source
Acetylene is most often used for CVD growth from a predeposited Fe catalyst[56,
135]. The injector system, normally used on this furnace setup, was closed off and
a stainless steel tube leading from the preheater to a flow meter which monitored
the acetylene flow rate was introduced.
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6.1.3 Effect of catalyst layer thickness
Quartz slides with 0/5/10, 10/15/20 and 20/40 and 60nm of Fe were sputtered as
described on page 105. The quartz slides were then loaded into the quartz furnace
tube at a distance of approximately 40cm from the beginning of the quartz tube.
Reduction of the Fe particles was achieved by heating to the growth temperature
of 750℃ under a flow of Ar with 10%H2. Once at temperature the carrier gas was
switched to pure Ar, which flowed into the furnace at a low flow rate of 100mlmin−1.
This low flow rate was chosen to reduce the amount of hot unreacted acetylene
leaving the furnace. A flow of acetylene was then added to the Ar flow at a rate
of 10mlmin−1 for a duration of 1 hour, thus making an acetylene to argon ratio of
1:10. After growth, the argon flow was continued until the furnace was cool before
retrieving the quartz slides. There was a thick fibrous black deposit over all of the Fe
coated slides which indicated CNT growth. An old quartz tube which had previously
been use many times for injected catalyst growth was used for the experiment.
Interestingly, even though it was scrubbed clean and any remaining carbon was
burnt off, due to the base growth mechanism of the CNTs grown by the injected
catalyst CVD (Chapter 4), oxidised Fe particles remained ingrained in the surface
of the quartz giving an orange hue. These ingrained particles supported growth of
short CNTs during the acetylene injection,(though not from toluene). Mechanical
cleaning of the furnace tube after acetylene injection proved difficult due to the short
nature of the CNT growth. However, combustion in air at 800℃ removed both the
CNTs and the orange hue, leaving orange powder in the bottom of the tube. This
result indicates that the acetylene driven CNT growth removes the Fe particles from
the quartz furnace tube, possibly via a tip growth mechanism.
SEM investigations confirmed observations by eye that CNT growth at the edge
between 0 and 5nm of sputtered Fe was longest (Figure 6.4), suggesting that the
optimum iron loading is low.
With increasing iron thickness to 50nm (Figure 6.5) the contamination with amor-
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(a) (b)
Figure 6.4: SEM images showing the variation of MWCNT length with Fe catalyst
layer thickness increasing from 0 to 5nm
a) longest growth on edge between 0 and 5nm Fe b) Aligned growth between 0 and
5nm Fe
phous carbon increased and the alignment of the CNTs decreased. There is a clear
optimum between 0 and 5nm where the CNT length is greatest. At greater Fe
thicknesses, large nodules were seen on the CNT tips, which may be indicative of
tip based growth where the catalyst particle is surrounded by a layer of FeC and
amorphous carbon. The increasing amorphous carbon content with increasing Fe
thickness, suggests a limit to size at which Fe particles can produce CNTs. Wei et
al.[141] deposited Fe and Ni films of increasing thickness and similarly found CNT
growth decreased with increasing Fe thickness for thermal CVD. They suggested
that the critical Fe particle size increases with temperature. For a growth tempera-
ture of 750℃ the suggested critical Fe thickness was 40nm, roughly consistent with
the current study. The effect was attributed to the carbon diffusion length into
the Fe. Surprisingly, no increase in diameter was observed for thermal CVD as Fe
thickness increased, although a correlation was observed in PECVD with increasing
Ni thickness.
6.1.4 Effect of carbon source to carrier gas ratio
An attempt to increase the overall Ar flow rate to 2000mlmin−1 whilst keeping
the acetylene:argon ration at 1:20 (other conditions as page 111) led to excessive
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(a) Masked area; 1nm Fe (b) 5nm Fe
(c) 10nm Fe (d) 20nm Fe
(e) 40nmFe (f) 60nmFe
Figure 6.5: The density of CNTs increases with Fe thickness and the amorphous
carbon contamination also increases. Nodules are seen at the tips of the CNTs which
increase in size and frequency with Fe thickness
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Figure 6.6: SEM images of growth on 40nm Fe catalyst Acetylene:Argon ratio 1:20
hydrocarbon exhaust. Subsequently dropping the flow rate to 400mlmin−1 (Ratio
remained at 1:20) produced curious composite structures (Figure 6.6).
In order to grow CNTs and reduce the deposition of amorphous carbon, subsequent
experiments focused on 0,1,2,3,4 and 5nm Fe. A repeat of the first experiment was
less successful and revealed that the real acetylene concentration was probably re-
duced due to a flow meter failure. Therefore, the flow of carrier gas (Ar or Ar/H2)
was increased to 2000mlmin−1, and the acetylene flow was decreased sequentially
with each experiment until aligned CNT growth was achieved. Ar/H2 was substi-
tuted for Ar as growth with Ar/H2 appeared straighter and more aligned, however
this may have been due to the decreasing acetylene flow. The CNT growth becomes
noticeably more aligned with decreasing acetylene flow and less amorphous carbon
contamination is observed (Figure 6.7).
With decreasing acetylene flow, CNT growth becomes more aligned, straighter and
less contaminated with amorphous carbon. The optimum acetylene flow rate is
7.5mlmin−1, a ratio of 300:1 carrier gas (Ar/H2) to acetylene. On decreasing the
acetylene flow rate to 5mlmin−1 the CNT mats appeared less well aligned, and more
curly, but did not show more amorphous carbon contamination.
A decrease in alignment and straightness of the CNTs was seen with increasing Fe
thickness for all of the acetylene flow rates tried, as seen with earlier experiments.
The variation in CNT morphology with increasing Fe thickness for 7.5mlmin−1 is
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Figure 6.7: Effect of acetylene to carrier gas ratio on CNT alignment and morphology
for growth from a 1nm thick Fe catalyst layer
The L.H.S. arrow shows acetylene to Ar ratio. R.H.S. arrow shows acetylene to Ar
with 10%H2 ratio. Aligned growth is achieved at an acetylene flow rate 7.5mlmin
−1
or a ratio of 300:1 carrier gas:acetylene
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shown in Figure 6.8. The very straight growth at low Fe thicknesses for this acetylene
flow rate make the differences in morphology with increasing Fe thickness appear
more pronounced than at greater acetylene flows. As the window for aligned growth
is small (alignment was only seen at 7.5mlmin−1 on Fe thicknesses of 1, 2 and
occasionally 3nm Fe) comparisons of length of CNT mats on changing parameters
were difficult. The oversupply of acetylene is thought to increase amorphous carbon
production[142], catalyst particle poisoning[143, 144] and produce thicker CNTs
with more walls[145, 146]. Whereas partial pressures below the optimum are thought
to lower growth rates[143, 144]. In situ measurements showed that lower acetlyene
supply rates produced the longest CNT mats, whereas higher supplies increased the
initial growth rate[147, 145].
In one repeat (Acetylene 5mlmin−1, Ar/H2 2000mlmin−1), parafilm was used to mask
the Fe deposition. Some Fe was accidentally removed making a sub-1nm coating in
one region. Whilst growth using an acetylene flows lower than 7.5mlmin−1 usually
produced less aligned growth this area produced long aligned growth (Figure 6.9).
The sub-1nm Fe coating cannot be accurately controlled, but appears to be required
for the growth to be aligned at lower acetylene flow rates. The catalyst parameters
must be readjusted to achieve aligned growth with each new acetylene flow, in order
to achieve the right carbon supply for the Fe particles formed.
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Figure 6.8: SEM images showing the decrease in MWCNT alignment, increase in
curly morphology and increase in amorphous carbon particulates and coating con-
tamination with increasing Fe thicknesses for CNT growth using an acetylene flow
rate of 7.5mlmin−1
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(a) (b)
(c) (d)
Figure 6.9: SEM images of CNT growth with 5mlmin−1 Acetylene on a reduced Fe
thickness. Areas of the Si had the Fe layer partially removed by the masking tape
marked on figure a). a) and b) show longer aligned growth on areas with less than
1nm Fe c) gap between the areas that should have had 4 and 5 nm of Fe, tracing
along the same edge to an area where the correct amount of Fe was seen showed
unaligned CNT growth with significant amorphous carbon deposits(Figure d)some
of the larger amorphous carbon deposits are marked with arrows
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6.1.5 Sensor device fabrication: Dispersion and deposition
of CNTs onto microelectrodes
Early designs for device prototypes
Aligned mats of in-house CVD grown MWCNTs are large enough to be handled
easily, as such, various attempts to make contacts on the tips and bases of these mats
were attempted, such as brushing on gold leaf, or sputtering a gold layer over the tips
and bases of the CNTs, painting the tips and bases with a layer of silver epoxy and
soldering gold wire to the tip and base of the mats, however none of these methods
made a stable electrical contact. Eventually, sprung gold electrodes, were found to
be most suitable (Figure 6.10). Different mats of CNTs were readily electrically
characterised without the need for fabrication of electrodes for each sample. A gas
tight container was made to accommodate the gold sprung electrodes and to allow for
the flow of gas over the electrodes whilst measuring the CNT mat resistance (Results
not discussed here). The purification and modification of CNTs (See chapter 5 on
page 93) produced a CNT powder, which was more difficult to manipulate with the
sprung electrodes than the CNT mats.
Suspensions of purified CNTs were dried between gold wires or on top of sput-
tered gold pads but contacts were poor. Deposition on photolitographically defined
microelectrodes (Windsor scientific, (Pt)SM161) provided the best method of char-
acterising the response, as discussed below. Initially, a point probe unit was used
to contact the bonding pads of the microelectrodes. Later, the microelectrode chips
were adhered to 16 pin gold coated transistor outline headers with silver epoxy
(Duralco 124), and gold wire bondinga to the pins of the header made more durable
electrical contacts. A test rig was designed and fabricatedb to house the header based
devices (6.10) which enabled each set of microelectrodes to be addressed separately
or connected in parallel.
aWire bonding carried out at the London Center for Nanotechnology by Kevin Lee
bTest rig made by Steve Atkins, Imperial College London
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Figure 6.10: Evolution of sensing device and test rig
Top left: sprung gold electrodes. Top right: Gas tight chamber for sprung gold
electrodes. Middle left: Schematic illustration of the electrodes and bonding pads
of the microelectrode array. Middle right: Micrelectrode chip adhered to 16 pin
gold plated header. Bottom left: Rig made for electrical characterisation of chip
based devices, with cap over the 16 pin header clamped in place, gas lines exiting
the cap left and right, and UV bulb seen at the front of the cap. Bottom right: 16
pin header mounted in the test rig without cap
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Dispersion of CNTs
To deposit a uniform sensing layer a well dispersed CNT solution is required; a
number of solvents were explored including water, ethanol and dichlorobenzene.
The MWCNTs used throughout this section of work were grown by CVD of toluene
and ferrocene, as described in chapter 7 on page 94 and purified as described in
chapter 7 on page 94. The CNTs were dispersed by sonication in a sonic bath
(Grant Instruments MXB6). The sonication procedure used involved 5 minutes of
sonication followed by manual shaking and then resonication for 30 minutes. Longer
sonication times did not appear to aid dispersion further. Whilst ethanol did not
form good suspensions at any concentration tried, DCB and water both formed
suspensions at dilutions of 1mg per 50ml. Whilst the water suspension began to
agglomerate on standing, the DCB solution remained in suspension for several days.
Before use, aqueous suspensions were re-sonicated for 5 minutes which re-suspended
the CNTs. For all further work, the suspensions used were 1mg of CNTs suspended
in 100ml of water or DCB.
Deposition of CNTs over microelectrodes
Drop deposition of 0.1 µl(Dispensed using a finnpipette, Thermo Scientific) of the
CNT suspensions onto the microelectrodes proved unsuccessful as the CNTs dried
in a ring around the edge of the droplet limiting contacts across the electrodes. Sub-
sequent experiments drying sequential droplets did not help and increasing the CNT
concentration to greater than 1mg in 50ml H2O/DCB did not improve the result due
to poor dispersion. To limit this well known convection effect[148] attempts were
made to deposit the CNTs by spin coating (Laurell WS-400E-6NPP-Lite operated
at 3000rpm). Even after 20, 5µl aliquots had been sequentially spun down, conduc-
tivity was not measurable (≤ 1x10−10 Ω) and results were not reproducible. SEM
investigations revealed entangled CNT deposits that did not bridge the electrodes
(Figure 6.11).
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Figure 6.11: SEM images of spun deposited CNTs on microelectrodes. Left) CNTs
orientated parallel with electrodes indicated with arrows. Right) entangled CNTs
between, but not bridging electrodes
Deposition of CNTs on to chips by dielectrophoresis
The fabrication of a MWCNT device using dielectrophoresis has recently been re-
ported [18]. Dielectrophoresis is the electrokinetic motion of neutral but dielectri-
cally polarized materials in non-uniform electric fields. A dc field can attract charged
particles to areas of high field by electrophoretic force[149]; charges on MWCNT
could come from acid groups on the tube walls from oxidative purification, or by
electrolysis of polar solvents. Dielectrophoresis involves the use of an alternating
electric field, dipoles and polarization are induced by the oscillating electric field,
exerting a dielectronic force on the particles[150, 149]. This induced dipole or po-
larization can make a particle move, translate, and rotate along the gradient of the
electronic field. The dielectrophoretic force is dependent on the dimensions of the
particles, with longer particles having a higher dielectric constant. Electrophoresis
and dielectrophoresis have been used to attract CNTs to areas of higher field[151],
purify CNTs by separating them from carbon and catalyst particles[152], and to
separate metallic and semiconducting SWCNTs [153]
The work in this section aims to use the dielectrophoretic method to deposit CNTs
between the electrodes of a microelectrode array and study the effects of varying
the applied field, solvent and electrode spacing has on the CNT deposition.
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In all of the experiments discussed below, a droplet (0.01µl) of aqueous CNT solution
(1mg purified CNTs in distilled water) was applied to cover all of the electrodes
which were connected to an impedance spectrometer(Solartron SI1287). Both dc
voltages and ac fields were applied to the microelectrodes. The varying spacings
between the electrodes enabled many different field strengths to be measured in one
experiment. The suspensions were made as described above, with CNTs grown as
described in section 5.2 on page 94, and purification of CNTs as described in section
5.3 on page 94. The deposition of the CNTs was imaged using an optical microscope
(BH2, Olympus)
6.1.6 Deposition of CNTs from aqueous suspension using
dc fields
One 0.1µl of aqueous CNT suspension was applied over the microelectrodes and a
dc voltage of 3V was applied until the droplet was dry, during the drying process the
current was monitored. The microelectrode spacings are 5, 10, 20, 50, 50, 100, and
200µm, which generates electric fields (E=V/d) of 600,000, 300,000, 150,000, 60,000,
60,000, 30,000 and 15,000Vm−1 under this field. The resultant CNT depositions
were investigated by optical microscopy (Figure 6.12). The CNTs were deposited
in dense clumps between the electrodes, the deposition was not uniform with CNTs
not deposited the whole length of the electrodes. The CNTs were enriched but not
aligned in the areas between the electrodes. The current signal during drying was
very small and noisy but slowly increased with time before sharply increasing as the
droplet reached dryness. Suehiro et al.[18] carried out dielectrophoresis experiments
(10Vp-p, 100kHz) with MWCNTs dispersed in ethanol, before drying conductance
was low but on evaporation of ethanol, the conductance was approximately one order
of magnitude higher, which they attributed to poor contact between the CNTs and
the electrodes in the presence of EtOH.
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(a) (b)
(c)
Figure 6.12: CNTs deposited at an applied field of 3Vdc from an aqueous solution
of 1mg in 100ml of purified CNTs, a) overview of the CNT deposition b) High CNTs
deposition density over the 5 µm electrode spacing showing the uneven deposition
of CNTs, c) plot showing typical current change on CNT droplet drying
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Figure 6.13: CNTs deposited with a 1MHz ac field and 0.3V amplitude
from an aqueous solution of 1mg in 100ml of purified CNTs. Top left) shows the
movement of the droplet to areas of higher field on drying. Top right) shows the
mostly random orientation of the deposited CNTs over the smallest three electrode
spacings indicating deposition on drying. Bottom left) arrows indicate CNTs which
dried around the edge of the droplet. Bottom right) some alignment is seen between
electrodes, these CNTs appear to have aligned and stuck before the droplet dried
6.1.7 Deposition of CNTs from aqueous suspension using ac
fields
Experiments using an ac field were also attempted. A frequency of 1MHz and 0.3V
amplitude was applied to the droplet during drying. Generating field strengths
of 60,000, 30,000, 15,000, 6000, 3000 and 1500Vm−1 for corresponding electrode
spacings of 5, 10, 20, 50, 100 and 200µm. Deposition under these conditions was
repeated several times with very similar deposition patterns. A typical example of
the CNT deposition is shown (Figure 6.13).
On application of the ac electric field the droplet moved toward the areas of higher
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field strength (the smaller electrodes). After the droplet had dried optical mi-
croscopy revealed that the CNTs flock to the metal electrodes bridging only the
smallest gaps between electrodes where the field strength is highest. For larger elec-
trode spacings the CNTs collected at the edges of the electrodes, where the field
is strongest but did not bridge the gap. Most CNTs show no alignment and were
simply deposited during the final stages of drying, as indicated by the sharp drop in
resistivity. Earlier conductivity may be due to the the alignment of CNT bundles
seen between smaller electrode gaps, these bundles are found both inside and outside
the main deposition area formed by the drying droplet, but are easiest to observe in
the otherwise clear regions. The bridging CNTs are aligned perpendicularly to the
electrodes, separated by fairly regular intervals and straighter than the other CNTs
deposited.
There are clearly several different deposition processes occurring. One set of CNTs
deposited (as is the case without an applied field) around the edges of the droplet.
Several areas of deposition of this nature are seen as the droplet shrinks unevenly
on drying, leaving sequential rings or partial rings of CNTs. The second process is
the movement of the droplet to areas of higher field strength, which preferentially
deposits the CNTs over the smallest electrodes. These CNTs may have formed a
randomly orientated percolating network which dried down on evaporation. Suehiro
et al.[18] also discussed the movement of the suspended MWCNT to areas of higher
field, with little or no alignment. The third process is the alignment of individual
or bundled CNTs between the smallest electrodes at regular spacings, before drying
occurs. Straightened MWCNTs and bundles under an ac field was also reported by
Chung et al.[154], particularly at high frequency and low amplitude fields. The effect
was not seen under predominately dc fields. Chung et al.[154] also noted the near
equidistant spacing of the deposited MWCNT bundles in ac fields and explained the
effect by modelling the electric field surrounding a bridging MWCNT.
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6.1.8 Effect of varying the electric field on CNT deposition
Both the amplitude of the alternating field and the frequency were altered to in-
vestigate if any effect was seen on the deposition of the CNTs. Fields of frequency
1MHz and 1KHz were applied to a droplet of aqueous purified MWCNT suspension
as described above, with amplitudes of (0.3V as above) and 0.006V which gave field
strengths of 1200, 600, 300, 120, 60 and 30Vm−1 and 0.03V. After drying the CNT
depositions were investigated (1MHz, 0.006V Figure 6.14, 1KHz, 0.03V Figure 6.15,
1KHz, 0.006V Figure 6.16)
(a) (b)
(c) (d)
Figure 6.14: CNTs deposited with a 1MHz ac field and 0.006V amplitude from an
aqueous solution of 1mg in 100ml of purified CNTs. (a) Placement of the CNTs on
chip after drying. (b)Disordered CNTs dried in ring patterns around the edge of the
droplet and evenly distributed CNTs deposited from the center of the droplet. (c)
No deposition was seen over the electrode spacings larger than 20 µm even though
the electrodes either side had a high density of CNT deposition. (d)CNTs were seen
to preferentially deposit at the edge of electrodes in areas of lower deposition density
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(a) (b)
(c) (d)
Figure 6.15: CNTs deposited with a 1KHz ac field and 0.3V amplitude from an
aqueous solution of 1mg in 100ml of purified CNTs (a) shows the placement of the
deposited CNTs, (b)shows the 5µm electrode spacing - as with the other droplets
exposed to an ac potential the CNTs still show a disordered ring pattern around
the edge of the droplet however most CNTs are fairly uniformly distributed over the
chip (c) shows some alignment of electrodes between the smallest electrode spacing,
(d) shows a dense conducting network also seen over the 20µm electrode spacing
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(a) (b)
(c) (d)
Figure 6.16: CNTs deposited with a 1KHz ac field and 0.006V amplitude from
an aqueous solution of 1mg in 100ml of purified CNTs (a) CNTs deposited after
droplet drying, (b)mostly random alignment of CNTs with some CNT bundles seen
bridging the smaller electrode spacings (c)at larger electrode spacing CNTs appear
to align parallel to the electrodes rather than bridging the gaps as seen in the smaller
electrode spacings (d)CNTs deposited at the edge of the electrodes
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Changing the frequency of deposition from 1MHz to 1KHz had little effect on the
CNT deposition, with the CNTs appearing to be slightly straighter at 1MHz than at
1KHz. With increasing amplitude of the applied field, the drying droplet undergoes
a more significant relocation over the areas of highest field strength. Chung et
al.[154] varied the applied dc and ac field strengths and found that when a dc field
is dominant it acts to randomly attract MWCNTs between the electrodes with little
directed orientation, where as when an ac field is dominant the MWCNTs are seen
to orientate between the electrodes. The authors discussed the use of composite
ac and dc fields to control the attraction, orientation and spacing of the MWCNTs
deposited, noting that under the right applied field, aligned MWCNT bundles could
be made to deposit between the electrodes well spaced and nearly equidistant. The
authors attributed this to modulation of the electric field around a bridging bundle.
Senthil Kumar et al. [155] found a similar effect for SWCNTs with dc fields tending
to accumulate the CNTs between the electrodes and ac fields tending to induce
alignment.
6.1.9 Prototype device
The final prototype resistive transducer devicec,d (Figure 6.17) used for electrical
and gas sensitivity characterisation of the materials consisted of 50 pairs of gold
interdigitated microelectrodes with a spacing of 5µm deposited on SiO2/Si substrates
which were glued to a ceramic (Al2O3) substrate, with a thin resistive-type Pt heater
wire. A Pt100 temperature sensor was also mounted onto the ceramic heater. Each
sensor and ceramic heater assembly were mounted on to a 16 pin gold plated header
with the assembly suspended on bond wires to reduce thermal loade.
After mounting and bonding aliquats (0.01µl) of 1mg per 100ml aqueous suspensions
of purified and modified CNT solutions (Modifications discussed in section 5.3, on
cSensor structures were donated by Judith Belmonte
dMicroelectrodes were designed and fabricated by Isobel Gracia, CNM, Spain
eAll device preparation, gluing and wire bonding of the heaters, temperature sensors and chips
was carried out by Evald Mildh, Linko¨ping University, Sweden
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Figure 6.17: Final bonded chip design
page 94) were dispensed onto the gold microelectrodes and collected between the
electrodes by dielectrophoresis with an alternating current of 1MHz frequency and a
peak to peak voltage of 0.6V. The final resistance of the devices can be controlled to
some extent by altering the CNT suspension with 0.01µl of 1mg in 100ml of aque-
ous CNT solution giving a range of resistances usually between 15 to 50Ω. Sensors
of different resistivities were studied to observe the effect that this may have on
their sensitivity (Results discussed in Chapter 7). Sensors of different resistivities
were therefore prepared by varying the concentration of CNT solution applied to
the interdigitated electrodes to observe the effect this may have on their sensing
characteristics. A low resistance sensor was made by sequentially drying five 0.01ml
drops of 0.01mgml−1 CNT suspension over the interdigitated gold electrodes under
an applied field of 1MHz frequency and a peak to peak voltage of 0.6V. The in-
creased number of CNTs reduced the resistance slightly to ∼10Ω. A batch of higher
resistance sensors were fabricated using 0.01ml of a 0.001mgml−1 CNT suspension,
and applying a field of 1MHz frequency and a peak to peak voltage of 0.6V through-
out drying. This gave a range of resistances usually between 100 and 200Ω. Figures
6.18, 6.19 and 6.20 show SEM images of plain purified MWCNT sensors with low,
normal and high CNT density deposited from 1, 0.01µl droplet of 0.001mgml−1, 1
0.01µl droplet of 0.01mgml−1 and 5 0.01µl droplets of 0.001mgml−1 CNT suspension
respectively.
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Figure 6.18: SEM images of CNT density deposited from 5 sequential 0.1µl droplets
of 1mgl00ml−1 aqueous CNT solution. The CNTs were deposited over all electrodes
with some CNT agglomerates seen
6.2 Summary and Conclusions
Growth of CNT at precise locations which is required for micro-electrical device
manufacture has been demonstrated by varying the growth parameters particularly
the hydrocarbon and its concentration. This method of device manufacture limits
the range of qualities of CNTs incorporated into devices due to the restraints im-
posed by device based growth and the difficulties of growth on or between electrodes.
As such a deposition method was chosen where CNTs are growth with the proper-
ties required, dispersed, and deposited onto microelectrodes. This process enables
a wide range of different CNTs to be tested and allows for easy purification and
modification of CNTs before deposition. The dispersion and deposition of CNTs
on chip was studied with various drop drying and spinning down techniques which
invariably produced uncontrollable and inconsistent results regarding the placement
and conductivity of the CNT films. Dielectrophoresis produced more controllable
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Figure 6.19: [SEM images showing CNT density deposited from 0.1µ dilute
(0.1mgl00ml−1) aqueous CNT solution. CNT deposition did not cover all electrodes
with some areas (Top Right) showing very little CNT deposition and other areas
(lower middle) showing CNT deposition
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Figure 6.20: SEM images showing CNT density deposited from 0.1µl of 1mgl00ml−1
aqueous CNT solution. CNTs were deposited over the majority of electrodes with
a lower density than with 5 sequential 0.1µl droplets
results with conductivity seen with every experiment at all applied fields for the
smallest two electrode spacing of 5 and 10µm, and often the third electrode spacing
of 20µm. On application of an ac field both deposition due to alignment of MWCNT
bundles between the electrodes and due to drying down of possibly conductive, but
fairly disordered networks of CNTs was seen. The final prototype device consisted
of 50 pairs of interdigitated electrodes to amplify any sensor device response and re-
duce noise. An on chip heater and temperature sensor provide accurate temperature
control of the devices.
Chapter 7
Gas and vapour sensitivity of
CNT sensors
7.1 Introduction
This chapter aims to investigate the sensitivity of a wide range of modified CNT
materials for their sensitivity toward gases and vapours that are found in fire en-
vironments and to elucidate the change in mechanisms of gas sensing when CNTs
are modified. Multiwalled carbon nanotubes grown by injected catalyst CVD as
described in section 5.2 on page 94. Purification and modification of the CNTs is
described in section 5.3 on page 94. The modified MWCNTs were then drop de-
posited on interdigitated gold electrodes and collected between the electrodes by
dielectrophoresis as described in section 6.1.9 on page 130. The CNT gas sensor
materials are tabulated in table 7.1.
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CNT gas sensor materials
CNT material CNT conditioning modifications
MWCNT As-grown None
MWCNT Acid reflux and basewashing None
MWCNT Acid reflux and basewashing 2wt% Pt
MWCNT Acid reflux and basewashing 0.2wt%Pt
MWCNT Acid reflux and basewashing 2wt% Pd
MWCNT Acid reflux and basewashing 0.2wt% Pd
MWCNT Acid reflux and basewashing PEI coated
MWCNT Acid reflux and basewashing Cu phthalocyanine coated
SWCNT Acid reflux and basewashing None
Table 7.1: Table showing the CNT materials used for gas sensors
7.2 Experimental
For the initial experiments, the resistive transducer devices on headers were mounted
into an aluminium block with a small ∼ 1cm3 gas cavity connected to the gas flow
line (Figure 7.1). A in-house built, computer controlled gas mixing system compris-
ing of Bronckhorst mass flow controllers was used to mix and control the gas flow
over the sensors. The gas flow was maintained at 100mlmin−1 throughout the tests
and dry synthetic air was used as the carrier gas. A constant current of 0.1mA was
supplied to the sensor by a source meter (Keithley 2601) and the measured voltage
taken as the sensor signal, presented in the form of sample resistance. The sensor
operating temperature was controlled using the signal from the Pt100 temperature
sensor as feed back to an in-house built control circuit providing the output voltage
to the heaters. The power to the heater substrates was supplied by a regulated
DC power supply (Kenwood). The signal from the Pt 100 was monitored with a
multimeter (Fluke 8840A). All gases were supplied by air liquid with test gases of
concentration 2500ppm (±1%) in nitrogen.
In order to test the response of the different sensors to a wide range of gases it was
necessary to choose a series of gases and a test pulse sequence to be applied to the
sensors. For initial evaluation, the response testing was limited to the 2wt% Pt
decorated, purified MWCNT sensor, and the purified, plain MWCNT sensor. These
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(a) (b)
(c)
Figure 7.1: Photographs of sensing chamber and gas mixer board used for prelimi-
nary work
a) and b) show the sensing chamber and a sensor mounted in the chamber respec-
tively c) the gas mixing system, consisting of two boards, each housing 4 mass flow
controllers and valves
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initial tests were used to determine suitable test gases and concentrations for a series
of gas pulses which could be applied to investigate the sensitivity. The purified and
Pt decorated (2wt%) sensors were sequentially exposed to NO2, CO, NH3, and H2,
at 25, 100 and 500ppm in a carrier gas of dry synthetic air. The pulses of test gas
were 1200 seconds (20 minutes) in duration. The carrier gas was pulsed before and
after each test gas pulse for 3600 seconds (1hour). The gas flow was maintained at
100mlmin−1 thoroughout the tests and the same gas test sequence was repeated at
temperatures of 40, 100 and 200℃. Room temperature sensing allows for very low
power requirements. As room temperature may vary, and as it is hard to design
a very stable control circuit for maintaining a sensor at a temperature very close
to room temperature, a temperature slightly above room temperature (40℃) was
selected.
The controlled gas exposure and sensor data acquisition was, in latter experiments,
performed with an in-house built test rig comprising of a gas mixing system with 12
mass flow controllers (Bronckhorst) and in-house designed electronics and software
for data acquisition and control of the sensors’ operating temperature, using the
Pt100 temperature sensor signal as feedback to the control circuit. The system is
designed for simultaneous testing of up to 4 sensors, giving the advantage of a higher
throughput in screening experiments and ensuring the same gas composition reaches
the sensors in comparative experiments. Each sensor was supplied with a constant
current of 5.6mA, and the resulting voltage across the sensor material during gas
exposure taken as the sensor signal.
The MWCNT sensors tabulated above were also tested for their response character-
istics to methanol, pentanol and hexane vapours.
To create a stable vapour pressure the non-diluted methanol, pentanol, and hexane
liquids were poured into a bubbler with a large head space which was maintained
at a constant temperature of 10℃ to create a constant and low vapour pressure.
The temperature was maintained by placing the bubbler in a water bath with a
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Figure 7.2: Test rig used to apply gases to and measure the response of four sensors
Peltier element continually cooling the water and a heating element and temperature
controller set to heat the water bath if the temperature dropped below 10℃ (Figure
7.3).
The flow of dry synthetic air through the bubbler, and the resultant saturated vapour
stream, was controlled by a mass flow controller. The saturated vapour could either
be flowed over the sensor after being diluted with synthetic air, or sent to waste by
opening or closing the appropriate valve on the gas mixer board. The gas mixing
equipment and data acquisition system used for these measurements was the same
as described for the initial experiments.
The response to each gas and concentration is calculated as the difference between
the sensor signal value in air, just before the introduction of the first pulse of each
kind of gas, and the sensor signal value at the end of each gas pulse, even though
true steady-state conditions rarely are attained;
Response = Rgas - Rair
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Figure 7.3: Equipment used for vapour sensing
The percentage response is derived from the above defined response values by di-
viding with the value of the sensor signal in air, as obtained prior to any test gas
measurements;
% Response = ((Rgas - Rair)/Rair)×100
Where the sensor signal is either the resistance of the sensor(Ω) or the response i.e.
voltage supplied to the sensor(mV) to maintain constant current.
If it is appropriate, the original sensor traces are plotted either as resistance of the
sensor(Ω) or response(mV). When comparing between original sensor traces of sen-
sors with different resistances the term Normalised Resistance is used if the response
is large or %Resistance is used if the response is smaller.
Normalised Resistance = R/Rair
% Resistance = (R/Rair)×100
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The sensitivity to a certain gas is normally defined as the partial derivative of the
sensor response with respect to concentration of that particular gas, and this is also
how it should be understood henceforth. Note, however, that the term sensitivity
sometimes is used synonymously with response in text books and journal articles.
Note also that there are no ideal algorithms for calculating response and relative
response values applying to all encountered situations, all sensors exhibiting some
degree of long term drift, memory effects and cross-sensitivity issues. For ease of
comparison the same algorithms (as defined above) have been applied to all sensor
data and are commented upon for the cases when they are not really appropriate.
The definitions and terms discussed above are illustrated in Figure 7.4.
Figure 7.4: Figure illustrating sensing definitions and terms
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7.3 Results and Discussions
7.4 Preliminary work
7.5 Comparison of the response of plain and Pt
decorated sensor
The test gas series was applied to the plain purified and Pt decorated (2wt%)
MWCNT sensors. The sensors were maintained at 40℃ for the duration of the
experiments. The response and recovery times of the sensors was slow towards all
gases, but particularly to NO2 and NH3. In light of this slow recovery the temper-
ature of the sensor was increased to 100 then 200℃ and the experiments repeated.
A typical response of the purified sensor at each temperature is compared in Fig-
ure 7.5.
The sensor shows sensitivity to both electron withdrawing and electron donating
gases, with NO2 demonstrating the greatest response at all temperatures. It can be
generally observed that for NO2, H2 and CO increasing the temperature increases the
response and improves recovery time, whereas an increase in temperature appears
to lead to a decrease in the response for NH3.
The same test gas series was then applied to the MWCNT sensor with Pt additives
at 2wt%, (Figure 7.5). The response of the sensor with Pt additives is similar to the
plain purified sensor. The most noticible effect of the Pt additive is the response to
NH3 at 200℃. The response of both sensors to CO appears anomolous in view of
literature reports[9, 156]. The recovery time following NO2 exposure is especially
long, and may be regarded as interfering with subsequent tests.
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(a) plain
(b) Pt2wt%
Figure 7.5: Plot showing the response of the plain purified and Pt2wt% decorated
sensor to the test gas series at 40, 100 and 200℃
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To aid an evaluation of the effects temperature and Pt addition on sensing and re-
covery, the responses of the plain purified and the 2wt% Pt MWCNT sensors have
been replotted comparing their response at 100℃ (Figure 7.6) and 200℃ (Fig-
ure 7.7). The responses at 100℃ (Figure 7.6) are similar with and without Pt
decoration however, recovery following exposure is moderately improved by Pt dec-
oration. At 200℃ the Pt decoration results in a reduction in NO2 response but
increased responses to H2 and particularly to NH3. These results, along with those
at 40℃ suggests that the effects of Pt catalyst are relatively insignificant at low
temperatures for these low weight percents. The selectivity of the sensors changes
with temperature with the plain purified sensor becoming more selective toward
NO2 at 200℃.
Figure 7.6: Plot comparing the response of the purified and Pt decorated MWCNT
sensors at 100℃
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Figure 7.7: Plot comparing the response of the purified and Pt decorated MWCNT
sensors at 200℃
7.5.1 NO2 response of purified MWCNT sensor and MWCNT
sensor with Pt additive
To display the sensitivity of the sensors toward each gas more clearly the data is
plotted below as % response (Figure 7.8). To calculate % response the sensors should
ideally have reached steady state, as this was not the case the sensors’ response at
the end of each gas pulse (after 20 minutes) was used.
The response of the plain sensor toward NO2 increases with temperature (Fig-
ure 7.8a), whereas the sensor with Pt additives does not show as large an increase.
At 200℃ the response of the sensor with Pt additives decreases below the value at
40℃. The plain purified sensor response begins to saturate sooner with increasing
concentration than the sensor with Pt additives.
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(a) NO2 (b) NH3
(c) H2 (d) CO
Figure 7.8: Comparison of plain purified and Pt decorated MWCNT sensors response
toward the test gases
7.5.2 NH3 response of purified MWCNT sensor and MWCNT
sensor with Pt additive
The response of the plain purified MWCNT sensor decreases toward NH3 with in-
creasing temperature. At 200℃ there is almost no response, which may indicate
that response arises from relatively weakly physisorbed NH3. Theoretical studies
suggest NH3/CNT interact through preadsorbed oxygen[10], as suggested for NH3
adsorption on graphite[157]. IR studies[158] found that heating under vacuum to
remove preadsorbed oxygen reduced the NH3 absorption on SWCNTs, but heating
in air regenerated the NH3 adsorption. For the Pt decorated sensor NH3 response
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decreases only moderately with temperature whereas the response at 200℃ is much
greater than that of the purified sensor. The maintenance of a moderate response at
200℃ may indicate a mechanism change with physisorption replaced by dissociative
adsorption and hydrogen abstraction on the Pt nanoparticles decorating the tube
walls, which is a well documented mechanism of NH3 sensing on platinum[159]. This
increase in catalytic type behaviour of the Pt particles at 200℃ is supported by
the increase in the sensing of hydrogen seen for the Pt decorated sensor at higher
temperatures which is discussed below.
7.5.3 H2 response of purified MWCNT sensor and MWCNT
sensor with Pt additive
The H2 response is small but comparable in magnitude for both sensors at 40 and
100℃ (Figure 7.8c). However, the Pt decorated sensor response to hydrogen is much
greater than that of the purified sensor at 200℃, indicating that at this temperature
the mechanisms of sensing may be different and the Pt particles may play a much
greater active role. Dissociative absorption of hydrogen on the Pt particles may also
be a mechanism at this temperature, as has been suggested for SWCNTs decorated
with Pd[101]. The sensing of hydrogen with MWCNTs without metal additives does
not have an immediately obvious mechanism, however it has been suggested that
H2 may absorb and dissociate on defect sites on acid treated SWCNTs[160].
7.5.4 CO response of purified MWCNT sensor and MWCNT
sensor with Pt additive
Figure 7.8 shows the percentage response of the 2wt%Pt and purified sensors to dif-
ferent concentrations of CO as calculated according to the definition in section 7.2,
on page 141. In this case the given definition of relative response is not appropriate
to use. The seemingly decreasing responses on increasing CO concentration from
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25 to 100ppm (Figure 7.8d) is influenced by the previous NO2 exposure. However,
Figure 7.8d still usefully displays some of the trends in the sensor data; the purified
sensor generally exhibits a larger response to CO, which increases with the investi-
gated temperatures. Conversely, the 2wt%Pt sensor shows a decrease in response
on going from 100 to 200℃.
The relatively large responses encountered after NO2 exposure are unexpected as
MWCNTs have been reported to show no[161] or little[9] sensitivity toward CO.
Recently graphene sheets have reportedly exhibited a small increase in resistance on
exposure to CO[162]. The influence of the pre-exposure to NO2 on the CO response
of these sensors was investigated further.
7.5.5 Cross sensitivity: Investigating the effect of NO2 ad-
sorption on the CO response
The Pt2wt% decorated sensor was heated in dry air at 200℃ for 48 hours, then
exposed to pulses of CO (Figure7.9)
After long desorption times (∼48 hours) the MWCNT sensor with Pt additives shows
a small increase in resistance upon exposure to CO (Figure7.9a) which increases
with concentration. A new Pt decorated sensor (which had never been exposed to
NO2) was annealed in air for 12 hours. The new sensor also showed an increase in
resistance on exposure to CO in a reversed order test gas series (Figure 7.9b). After
re-exposure to NO2 the Pt decorated sensor resumes its previous response of a large
decrease in resistance upon exposure to CO which continues even after more than 10
hours of desorption time (Figure 7.9c). These results suggest that the CO response
is dependent on the previous gas environment, a change in direction and magnitude
of sensor response is seen when NO2 is present on the CNT walls.
The Pt decorated sensor was also exposed to NH3 which also had a long desorp-
tion time, but this gas appeared not to effect the sensor response toward CO (Fig-
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ure 7.9d).
The above experiments were repeated with the purified sensor. Conversely to the
results with the Pt decorated sensor, a decrease in resistance was always seen upon
exposure to CO. After very long desorption times of several days, the response to
CO became very small, but never reversed in direction.
The mechanism of sensing for the Pt decorated sensor may be oxidation of the
CO to CO2 over the Pt particles reducing of the platinum particles, and transfer-
ring electrons to the CNTs causing a gain in resistance of the p-type Pt decorated
MWCNTs. CO has been detected at 0% humidity with Pt impregnated SnO2 sensor
with a maximum sensitivity at around 200℃[103] A very recent article reports CO
detection on Pt coated SWCNTs at room temperature[163]. The authors found that
a continuous coating of nanoparticles was required to achieve CO sensing and that
increasing the coating of Pt on the surface to 5nm improved the response. The sens-
ing mechanism was attributed to electron donation to the SWCNTs as a result of
CO oxidation on the Pt catalyst surface. To the best of my knowledge there are no
reports of CO sensing on CNTs without metal additives and as yet the mechanism
of the purified sensor toward CO with and without NO2 on the surface is not clear
and requires further investigation.
A varying response toward CO was suggested by Star et al.[114] who tested SWCNT
devices toward a test gas containing CO and NO2. The authors concluded that a
unreliable response was found for the devices toward CO.
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(a) (b)
(c) (d)
Figure 7.9: Response of Pt decorated sensors toward CO after annealing in air
a) Pt 2wt% MWCNT sensor response to hour long pulses of CO in dry air after 48
hour annealing at 200℃ b) new Pt 2wt% decorated sensor response to a reversed
order test gas series c) increase in sensor response toward CO after NO2 exposure
and a CO response even after long desorption times d)response of the Pt decorated
sensor toward CO before and after NO2 and NH3 pulses
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7.5.6 Downstream mass spectroscopy investigation
Mass spectroscopy was used to analyse the gas flow downstream of the sensors. The
gas flow was monitored during the exposure of plain purified MWCNT sensors to CO
after NO2 exposure. The detection of reaction products downstream of the sensors
could help to suggest a sensing mechanism, detection of no reaction products may
suggest an entirely adsorptive sensing mechanism. The response of the MWCNTs
to CO is of interest as CO evoked a small increase in resistance for MWCNTs
decorated with catalytic metal particles and a very small decrease in resistance for
MWCNTs without catalytic metal particles. However, when NO2 was present on the
surface of the MWCNTs NO2 evoked a large decrease in resistance. Downstream gas
analysis may indicate the oxidation of CO to CO2, or an increase in other combustion
products such as H2O.
To increase the surface area for reaction to occur five, 0.01mul−1 droplets of 1mg/100ml
purified MWCNT solution were sequentially dried on a mounted sensor chip under
an alternating electrical field (1MHz 0.6Vp-pV). Two of these sensors were then
mounted in the sensor rig and a mass spectrometer was connected downstream as
described in the experimental section on page 140. The system was baked under a
flow of dry nitrogen for 12 hours at a temperature of 200℃.
CO (2500ppm in nitrogen) was mixed with nitrogen so a concentration of 500ppm
was achieved, the resultant gas mixture was then pulsed over the sensors three
times. The pulse time was 20 minutes with carrier gas flowed for 1 hour before
and in between the pulses. The mass spectrometer was set to monitor the partial
pressure of water vapour (18a.m.u.), CO2 (44a.m.u.) and O2(32a.m.u) (Figure 7.10).
A pulse of NO2 was then introduced into the system before the CO pulses to inves-
tigate if this increased downstream gas reaction products. The partial pressures of
NO2 (46a.m.u.) was also tracked. The experiment was repeated with and without
MWCNT sensors. Where sensors were not present, they were replaced by blank
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Figure 7.10: Downstream mass spec. analysis and sensor response for plain MWCNT
sensor towards CO in nitrogen at 200℃, (a) shows the downstream concentrations
of gases during the CO pulses and (b) shows the corresponding sensor response
headers with heaters. CO in nitrogen was then pulsed over the headers or MWCNT
sensors as before, with nitrogen introduced for one hour before and between each CO
pulse (Figure 7.11). The monitored gas concentrations increase on application of the
NO2 and CO pulses both with and without MWCNTs. The increase in traced gases
may be due to an increase in the CO, O2 and water vapour in the CO/N2 mixture,
or due to the CO reacting somewhere in the system. There is a noticeably smaller
NO2 peak when CNTs are present on the sensor, this may be due to adsorption of
the NO2 on the CNT walls, otherwise the downstream gas concentrations are very
similar with and without MWCNTs, which suggests that the CO sensing mechanism
may be entirely absorptive. The lack of change of downstream gas concentrations
may also be due to the small surface area of the CNTs on the sensors producing a
undetectably small change in the downstream gas concentrations.
It would be interesting to repeat these experiments with the sensor with metal
additives to investigate the CO response after long desorption times, when metal
particles are present there may be an oxidation of the CO occurring which would
be detectable by a larger increase in CO2 in the experiment where MWCNTs are
present.
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(a) With MWCNTs
(b) Without MWCNTs
Figure 7.11: Comparison of downstream gases with and without MWCNTs
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7.6 Comparison of all modified CNT sensor
responses
The response of all of the sensors to the test gases were investigated using a in-house
built test rig which allows the screening of up to four sensors simultaneously. The
equipment is described in section 7.2 on page 139. For the thorough investigation
and comparison of all sensors characteristics toward the different fire gas species, a
sequence in which a model hydrocarbon - C3H6 - was added. The test gases were
supplied to the sensors in a reversed order - starting with CO, H2, C3H6, NH3, and
ending with NO2. The following test gas concentrations were used; 50, 100, and
200ppm in a carrier gas of dry nitrogen with 20% oxygen. All the sensors were
exposed to the test gas sequence at operating temperatures of 100, 200 and 250℃,
except for the PEI-coated MWCNT sensor, which was only tested at operating
temperatures of 100 and 200℃. The duration of the test gas pulses was 20 minutes
for all gases and concentrations tested, and the recovery time in between pulses set to
2 hours (during which the sensors are subjected only to the carrier gas - dry nitrogen
with 20% dry oxygen). For the tests run at sensor operating temperatures of 100 and
200℃recovery times between pulses were 2 hours. The recovery time was set to 1
hour for the tests run at 250℃. The exposure of each sensor to this test gas sequence
was repeated 5 times at each temperature to monitor the stability and repeatability
of the sensor signals with repeated exposure. The un-tested sensors(Table 7.1) and
the above-mentioned 2wt%Pt and plain purified sensors were all exposed to the same
test gas sequence at 200℃.
The results for all the sensors tabulated as in section 7.2 on page 136, to the gases
CO, H2, C3H6, NH3 and NO2, at 100, 200 and 250℃, repeated 5 times at each
temperature, provides a wealth of information. For ease of presenting the results,
the average percentage sensitivity of each sensor to the applied gases is plotted at
all measured temperatures, to demonstrate the selectivity of the sensors.
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(a) Purified (b) As-grown
(c) PEI coated (d) CuPc coated
(e) Pt2wt% decorated (f) Pt0.2wt% decorated
(g) Pd2wt% decorated (h) Pd0.2wt% decorated
Figure 7.12: Average response of all MWCNT sensors toward the test gas series
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The results shown (Figure 7.12) are the mean averages of the five exposures to the
test gas series and display error bars showing the standard error (standard error =
s/
√
n where s is the standard deviation and n is the size of the sample). Due to
the amount of information presented in this figure the results will be discussed in
terms of each gas, however this figure will be referred back to in order to discuss the
selectivity of the sensors.
7.6.1 NO2 Sensitivity
As was discussed in the preliminary results and shown in Figure 7.12 all of the
MWCNT sensors show the largest response for NO2 at all temperatures. On expo-
sure the sensors show a decrease in resistivity. The mechanism of sensing is thought
to be physisorption and theoretical simulations calculate a charge transfer from the
p-type CNT to the electron withdrawing NO2 molecule [10].
Typical NO2 response for the plain, Pt, and Pd doped purified MWCNT devices
are plotted in Figures 7.13 as % resistance. The data for 250℃ collected with only
one hour between test gas pulses is provided on the same figures. The plain purified
MWCNT sensor (Figure 7.13) response and speed of recovery after exposure to NO2
increases with temperature. At all temperatures, response did not reach a steady
state within the 20 minute gas exposure time. Response is not linearly related to
concentration which may suggest the sensing sites may begin to be saturated within
this concentration range. There are reports of unmodified MWCNTs responding to
as low as 10ppb of NO2[156, 97, 164] with an optimum operating temperature of
165℃.
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Figure 7.13: Typical response of the plain purified MWCNT sensor toward NO2
7.6.2 Effect of metallic additives on MWCNT sensor NO2
sensitivity
The MWCNT sensors with 2wt% Pt or Pd nanoparticle decoration response to NO2
decreases as temperature increases while rates of response and recovery increase
(Figure 7.14). These sensitivity and rate effects are less clear at 0.2% Pt and Pd
loadings. The 0.2% Pt and 0.2% Pd results at 250℃ appear somewhat anomalous
in that response to 100 and 200 ppm NO2 reaches a maximum within the 20 minute
pulse period and then decrease, showing an over-recovery. The mechanism for this
anomolous response is not understood, and to the best of my knowledge is not
reported in the literature.
7.6.3 Effect of conditioning of MWCNTs on NO2 sensitivity
and sensor stability
On investigating the response of the sensors toward NO2 and calculating average
values from the five runs it became apparent that the sensor response decreased
with repeated exposure to NO2 (Figure 7.15). The response stabilised after sev-
eral exposures giving a stable, repeatable response. The initial sensor decrease with
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Figure 7.14: Typical response of the metal decorated MWCNT sensors toward NO2
exposure was recorded for all the sensors other than those used in the preliminary
study (Pt2wt% decorated sensor and the purified sensor) which probably were con-
ditioned during those measurements. On the basis of this stabilisation with repeated
exposure, the plots presented in later figures in this section have, unless otherwise
indicated, been selected to be from the last or penultimate measurements of each
series of repeats.
7.6.4 Effect of MWCNT sensor coatings on NO2 sensitivity
and sensor stability
Sensors coated in PEI and CuPc were also investigated for their response toward
NO2 (Figure 7.16). The CuPc coated MWCNT sensor behaves similarly to the
sensors metal additives with a reduction in sensitivity at 250℃, while the response
and recovery times were similar to those of the purified sensor.
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(a) Pt2wt% (b) Pt0.2wt%
(c) Pd2wt% (d) Pd0.2wt%
(e) Purified (f) PEI
Figure 7.15: Decreasing response with repeated exposure to NO2 at 200℃
There is no decrease in response for the 2wt%Pt sensor or the plain purified sensor
as these sensors were used for preliminary testing
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Figure 7.16: Typical response of the PEI and CuPc coated MWCNT sensors toward
NO2
The PEI coated MWCNT sensor demonstrated a high resistance which might arise
from electron donation by the amine groups reducing hole carriers in p-type CNTs.
Alternatively PEI coating may increase junction resistivities (CNT-CNT and/or
CNT-electrode).
The PEI sensor demonstrates a very large sensitivity toward NO2 at 100℃ and
a much faster recovery time at 100℃ than the purified sensor. On heating to
200℃ the PEI decomposes (Decomposition temperature 175℃, Sigma Aldrich) and
the sensor decreases in resistance and in response. As NO2 adsorption causes a
decrease in resistivity it is not thought that the PEI coating has shifted the Fermi
level of the MWCNTs significantly enough to create an n-type conductor as has
been reported with SWCNT coated with PEI[165, 166].
The increase in sensitivity seen for the PEI coated MWCNT sensor in this study
compared to the purified sensor may be due to the electron rich PEI polymer creating
a higher binding affinity for the electron withdrawing NO2 molecule. After removal
of the PEI by heating to 200℃ the sensor regained a sensitivity more similar to
that of the purified MWCNT sensor.
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7.6.5 Effect of MWCNT sensor resistance on sensitivity to-
ward NO2
The NO2 response data for the range of sensors studied displays a correlation be-
tween higher response (100x(Rgas- Rair)/Rair) and higher baseline resistance (re-
sistance in air). This is shown for 50ppm NO2 at 200℃ in Figure 7.17a (average
over all tests) and Figure 7.17b (last test, conditioned devices).
In order to investigate whether a resistance effect on sensitivity could result from
CNT network resistivity alone, irrespective of CNT material, treatment, coating or
decoration, a group of plain purified MWCNT sensors were fabricated with three
different resistances. A low resistance sensor was made by sequentially drying five
0.01ml drops of 0.01mgml−1 purified MWCNT solution over the microelectrodes. A
high resistance sensor was made using one 0.01ml drop of a 0.001mgml−1 solution,
and an intermediate resistance sensor made using a 0.01ml drop of 0.01mgml−1
solution as described in section 6.1.9 on page 130. The sensors of different resistances
were then exposed to 50ppm NO2 at 200℃. See Figure 7.18 which shows the sensor
traces.
(a) (b)
Figure 7.17: Sensor responses at 200℃ to 50ppm NO2 versus baseline resistance.
Variation in sensitivity with sensor resistance: a) mean percentage response with
standard error, b) percentage response for the last runs
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Figure 7.18: Response of plain purified MWCNT sensors with different resistances
toward 50ppm NO2 at 200℃
Whilst speed of response and recovery were almost identical for the three sensors,
the sensitivity clearly increased for higher resistances. The reason for the observed
link between chemical sensitivity and device resistivity is unclear. A density effect
on the semiconducting/metallic nature of SWCNT networks has been reported and
is understood in terms of percolation theory for the mixture of semiconducting and
metallic SWCNTs[167, 168] but it is not obvious how such a mechanism might ap-
ply to MWCNTs, although it has been invoked for MWCNT composite devices by
Varghese[9]. Suehiro et al. [18], also fabricated MWCNT sensors by dielectrophore-
sis and conversely found that MWCNT density did not effect their sensor response
toward ammonia. Every MWCNT network that is produced will be different due to
the heterogeneity of the MWCNT sensing material and differences in the deposited
network however, the plots of sensitivity as a function of resistance shown in this
section indicate that sensors with similar sensing material and similar resistances
demonstrate similar sensitivities.
To determine if the MWCNT networks for each sensor were semimetallic as expected
for MWCNTs[169], the resistance at each temperature was plotted (Figure 7.19). A
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negative temperature coefficient of resistance(TCR) suggested by a decrease in resis-
tance with temperature indicates a semiconducting characteristic, whereas a positive
TCR (increase in resistance with temperature) indicates a metallic characteristic.
The TCR measurements for both the plain purified MWCNT sensor made with the
normal amount of MWCNT solution (0.01ml of 0.01mgml−1), and the higher resis-
tance plain purified MWCNT sensor (made with 0.01ml of 0.001mgml−1), appear to
indicate an initially negative, then positive TCR with the change from one regime
to the next at a similar temperature for both sensors (Figure 7.19). The sensor
resistance changes with repeated exposure to the test gas series (Figure 7.15) and
may also be affected by test gases remaining on the CNT surface. In an attempt to
minimise this affect on sensor resistance, the first measurement in dry air at each
temperature was plotted. There may still be effects from residual gases adsorbed
on the CNT surface from measurements at the previous temperature and effects
from cycling the temperature, where the resistance may permanently alter at higher
temperatures. Effects from the handling(mounting and dismounting of sensors) may
be seen. To gain a more accurate understanding of the TCR of the deposited CNT
materials resistance change with temperature cycling should have been measured
before gas exposure, and both the change in resistance with increasing and then the
subsequent decrease in temperature should have been recorded. Unfortunately the
response of the low resistance plain purified CNT sensor was only measured as a
comparison at 200℃ and not at 100 and 250℃.
7.6.6 SWCNT sensor response toward NO2
A SWCNT sensor made with 0.01ml of 0.01mgml−1 purified SWCNT solution was
also tested for sensitivity toward NO2 (Figure 7.20a). The sensor showed higher
resistance than observed for MWCNT sensors made with the same solution concen-
tration. The SWCNTs are shorter than the MWCNTs and so multiple junctions
must be formed to create a conductive network between the electrodes. The sensitiv-
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(a) (b)
Figure 7.19: Resistances of purified MWCNT sensors in dry air at 100, 200 and
250℃
(a) (b)
Figure 7.20: Response of the SWCNT sensor toward NO2 and sensor resistance at
100, 200 and 250℃
ity decreases with increasing temperature as was seen for the Pt and Pd decorated
MWCNT sensors, but not for the plain purified MWCNT sensor. The recovery
times for the purified SWCNT were longer than for the plain purified MWCNT sen-
sor. TCR measurements (Figure 7.20b) may indicate that the SWCNT network is
semiconducting at low temperatures becoming metallic at higher temperatures. As
mentioned previously the resistances are the first measured resistances in dry air at
each temperature.
7.6. Comparison of all modified CNT sensorresponses 165
7.6.7 High resistance MWCNT sensor response toward NO2
More resistive MWCNT and SWCNT sensors were made with one droplet (0.01ml) of
0.001mgml−1, and exposed to the test gas series at 100, 200 and 250℃ to investigate
if the sensitivity of MWCNTs sensors could be increased as the trend suggests. These
more resistive sensors did give larger percentage responses than the less resistive
devices examined earlier. However, they were prone to failure and to substantial
baseline drift with sudden level shifts. The response to NO2 of the more resistive
sensors often showed a large recovery during the gas pulse and overshoot similar to
that seen previously for the metal decorated sensors at 250℃ (Figure 7.21).
The response of both the MWCNT and SWCNT sensors often show less response
on exposure to NO2 at higher temperatures than at low temperatures. This can
be seen for metal doped MWCNT sensors in Figure 7.8 and Figure 7.14 the CuPc
coated sensor in Figure 7.16 the SWCNT sensor in Figure 7.20 and the high resis-
tance plain purified MWCNT in Figure 7.21. It is possible that there are different
high and low temperature mechanisms, which may correlate to the different regimes
of the temperature coefficient of resistance, with a greater response in the semicon-
ducting region and a lower response at higher temperatures in the metallic region.
It is not discernible from the TCR plots exactly where the semiconducting region
ends and the metallic region begins, however the downturn in response begins at
100℃ in some cases, for example Figure 7.21. The high resistance MWCNT sen-
sor (Figure 7.21) and some of the sensors with metal additives (Figure 7.14) show
recovery during the NO2 pulse and a recovery overshoot. This response could indi-
cate competing resistance-modification processes. A likely processes being electron
density transfer from the CNT to the adsorbed NO2 molecule causing a decrease in
resistance of the p-type CNT. The lowering of resistance could cause more current
to flow through the modified current pathways and joule heating. In the presence
of a negative TCR this may lead to an increase in resistance. Joule heating in
the presence of a negative TCR could also explain the overshoot seen at high NO2
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concentrations as at higher NO2 concentrations more charge is transfered to the
adsorbed NO2 molecules leading to a greater current flow and joule heating effect.
Metallic particles also remove electron density from the CNTs and so may increase
the joule heating effect. This enhanced effect may be observed in Figure 7.14.
The high resistance sensors also show a greater tendency toward a response overshoot
in the presence of NO2. This maybe due to the limited number of current pathways
in the more resistive sensors. As the network is self selecting - always choosing
the path of least resistance, if a joule heating effect does occur and increase the
resistance of a current pathway, there may not be an alternative current pathway.
Santucci et al. [161] Also studied the gas response of a MWCNT gas sensor to-
ward CO and NO2 at varying temperatures. Their gas sensor consisted of a mat of
MWCNTs grown between Pt electrodes with the electrical properties measured lat-
erally through the mat. Optimum temperature of operation was 165℃, above which
a downturn in response was observed. Increasing temperature to 165℃increased
response and recovery times but not overall response values. The authors also ob-
served an increase in sensor resistance above 250℃ which was attributed to burning
of less graphitic particles between the CNTs, the shift in the baseline resistance was
permanent.
7.6.8 H2 Sensitivity
The response to H2 for each sensor was compared at 100, 200 and 250℃. The plain
purified and as-grown sensor responses toward H2 are presented in Figure 7.22. The
response and recovery times are relatively fast at 250℃ with both sensors recovering
to base line within 10 minutes. The purification process appears to have had little
effect on sensor sensitivity.
For the purified and as-grown CNT sensors the proposed mechanism of hydrogen
is less clear than for the sensors with metal additives. Theoretical investigations
7.6. Comparison of all modified CNT sensorresponses 167
Figure 7.21: Response of the high resistance plain purified MWCNT sensor toward
NO2 at 100, 200 and 250℃
(a) Purified (b) As-grown
Figure 7.22: Response of the plain purified and as-grown MWCNT sensors to H2 at
100, 200 and 250℃
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(a) Pt2wt% (b) Pt0.2wt%
(c) Pd2wt% (d) Pd0.2wt%
Figure 7.23: Response of Pt and Pd decorated MWCNT sensors to H2 at 100, 200
and 250℃
have proposed the dissociation of molecular hydrogen on both perfect and defective
graphite structures[170].
The sensors with metal additives were compared (Figure 7.23). Responses shown at
100℃ are low or irregular, and subsequent checks indicate those for the Pt deco-
rated devices at that temperature include electrical artifacts from the measurement
equipment. Responses were generally greater at 200℃ than at 250℃, but response
and recovery times shortest at 250℃.
Comparison of results displayed in Figures 7.22 and Figure 7.23 indicate that the
addition of catalytic metal particles (even at very low weight percentages) causes a
large increase in the sensitivity toward hydrogen, with Pd sensors showing the great-
est sensitivity. Metal additives also decrease the temperature at which sensitivity is
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(a) PEI coated (b) CuPc coated
Figure 7.24: Response of the PEI and CuPc coated MWCNT sensors to H2 at 100,
200 and 250℃
observed.
Responses of the sensor coated with PEI (Figure 7.24) are less than those for the
Pt and Pd decorated devices, but somewhat greater than for the plain MWCNT
devices (Figure 7.22). Enhancement of response to hydrogen by PEI is unexpected
as PEI is an electron rich polymer and SWCNTs coated in PEI have be reported to
be insensitive to NH3 and other electron donating molecules[166]. The CuPc coated
purified MWCNT device showed only weak hydrogen response comparable with that
for the uncoated MWCNT devices (Figure 7.24).
Hydrogen response results for devices fabricated with lower CNT deposition densities
to increase sensor resistance (Figure 7.25) show an increase in sensitivity, as was
found with NO2 response. However, the more resistive devices are less stable giving
less repeatable responses. The results for dilute sensors (Figure 7.25) represent
the most stable set of measurements rather than the last of the series of repeats.
However, the H2 response of the more resistive sensors is more stable than toward
NO2. The SWCNT gives a very different response to the plain MWCNT sensor at
250℃ where it does not fully recover in the given time.
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(a) Purified (b) SWCNT
(c) As-grown (d) Pd2wt%
(e) Pd0.2wt% (f) Pt0.2wt%
Figure 7.25: Response of more resistive CNT based sensors toward H2 at 100, 200
and 250℃
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7.6.9 NH3 Sensitivity
For most of the MWCNT sensors, the response to NH3 (Figure 7.26) is relatively
small and slow. Recovery rates are also generally slow for temperatures below 250℃,
although improved for sensors with metal additives, and there is substantial back-
ground level drift. The PEI coated device gave substantial response at 100℃ but
not at 200℃ after PEI decomposition. The Pt and Pd decorated sensors responded
to NH3 at all temperatures although their responses were lowest at 250℃, it is only
at that temperature that recovery rates and background stability could be regarded
as acceptable.
The batch of more resistive sensors did not give very stable or reproducible responses,
but when a response was seen the sensitivity was much greater than for the less
resistive sensors (Figure 7.27). The sensors with metal additives showed a decrease
in sensitivity with increasing temperature. The purified sensor and SWCNT show
an interesting and repeatable response at 200℃, which is also suggested in the
preliminary results (Figure 7.5). The resistance increases when air is flowed over the
sensor after the NH3 pulses finish. This unusual response is not seen at 250℃ where
the response and recovery is faster but the sensitivity is lower.
7.6.10 CO Sensitivity
The response toward CO is very variable in magnitude, with a decrease in resistance
observed where a response was seen. The decrease in resistance observed, indicates
that desorption times between experiments were not sufficiently long for complete
NO2 desorption.
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(a) Purified (b) As-grown
(c) PEI (d) CuPc
(e) Pt2wt% (f) Pt0.2wt%
(g) Pd2wt% (h) Pd0.2wt%
Figure 7.26: Comparison of the response MWCNT sensors toward NH3 at 100, 200
and 250℃
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(a) Purified (b) SWCNT
(c) Pd0.2wt% (d) Pt0.2wt%
Figure 7.27: Comparison of the response of more resistive MWCNT sensors toward
NH3 at 100, 200 and 250℃
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(a) Pd0.2wt% (b) Pt0.2wt%
(c) Dilute plain purified (d) SWCNT
Figure 7.28: Response of more resistive MWCNT sensors toward C3H6 at 100, 200
and 250℃
7.6.11 C3H6 Sensitivity
The MWCNT sensors exhibit little or no response to propene at 100℃, however at
200℃ a small response is seen (Figure 7.28a and b). Due to the small response, the
signal is lost in the noise of the lower resistance sensors where metal additives are not
present. However, the batch of higher resistive sensors showed a greater sensitivity
to propene than the less resistive sensors with a response seen for the plain purified
MWCNT sensor and the SWCNT sensor (Figure 7.28c and d). The results are
curious for the plain more resistive sensors with an increase in resistance normally
seen for the purified sensor at 200℃ but occasionally a decrease in resistivity was
seen. The SWCNT always showed a decrease in resistance at 200℃, but an increase
in resistance on exposure at 250℃.
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7.7 Interaction of vapours with MWCNTs
The interaction of vapours with CNTs and sensing response was investigated. A
series of vapours was chosen to probe the dispersive and polar interactions on the
MWCNT walls. Molecules were chosen with varying polar and dispersive contri-
butions. Methanol was chosen as a probe with large polar interaction and small
dispersive interaction, hexane was chosen as a probe molecule with a larger disper-
sive and very little polar interaction and propanol was chosen as a molecule which
should also have a similar dispersive interaction to hexane but with a similar polar
interaction to methanol.
The MWCNT sensors tabulated in section 7.2 on page 136 were exposed to 1,5,10,15
and 20% of each saturated vapour in dry air. The saturated vapour pressures at
10℃are; methanol 7300, hexane 99700, pentanol 900ppm [171]. Each sensor was
exposed to each vapour at 100 and 200℃. The duration of the test gas pulses was 20
minutes for all vapours and concentrations tested, and the recovery time in between
pulses set to 2 hours (during which the sensors are subjected only to the carrier
gas - dry synthetic air). Each sensor was exposed to each vapour at an operating
temperature of 100 and 200℃. The equipment is described in Figure 7.3. The sensor
response to pulses of increasing vapour concentration are plotted overlaying each
other so that the change in shape of the sensor resonse with increasing concentration
can be seen more clearly.
7.7.1 Response of MWCNT sensors toward Methanol
The response of all of the sensors toward methanol at 200℃ is very similar (Figure
7.29). The response begins to saturate at higher concentrations. The metal deco-
rated sensor especially those decorated with 2wt% metal reach a steady state faster
than the purified MWCNT sensor. This suggests that whilst the responses are very
similar the metal particles may increase the speed of response slightly. The results
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Figure 7.29: Response of MWCNTs toward methanol at 200℃
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show relatively slow response and recovery characteristics at 100℃ (Figure 7.30)
but these were substantially faster at 200℃. The metal decorated sensors show a
greater sensitivity to lower concentrations than the as-grown sensor at 100℃. The
2% Pt decorated sensor shows an interesting effect at 200℃ where higher methanol
concentrations appear to produce changes in baseline level persisting after vapour
removal.
7.7.2 Response of MWCNT sensors toward Hexane
The responses of the MWCNT sensors toward Hexane at 200℃ (Figure 7.31) and
100℃ (Figure 7.32) are generally somewhat lower compared with response toward
methanol vapour. Response and recovery speeds are relatively slow except for the
metal decorated devices at 200℃, where, as described in the preliminary work, the
metal additives become more active. The 2% Pt sensor responded well at 200℃ and
did not show the baseline shift apparent in the methanol tests. Although the strong
dispersive interactions of hexane are expected to cause attraction and stronger stick-
ing on the CNT walls than for the polar methanol molecules, responses were not
higher. This may be consistent with polar interactions being more effective in charge
transfer or modification of charge distribution at the CNTs. The significant effect of
Pt decoration at 200℃ may indicate its involvement in hydrogen transfer reactions
possibly involving chemically or physically bound oxygen.
7.7.3 Response of MWCNTs toward Pentanol
There are discernible responses for all devices at both 100 (Figure 7.34) and 200℃ (Fig-
ure 7.33) toward pentanol. At 200℃ especially, the responses are very similar to
those for methanol, suggesting a similar mode of interaction. The baseline shifts seen
for some Pt and Pd decorated sensor tests in methanol vapour are not apparent for
the pentanol responses. Response and recovery speeds at 100℃ are relatively slow.
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Figure 7.30: Response of MWCNTs toward methanol at 100℃
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Figure 7.31: Response of MWCNTs toward hexane at 200℃
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Figure 7.32: Response of MWCNTs toward hexane at 100℃
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Figure 7.33: Response of MWCNTs toward pentanol at 200℃
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Figure 7.34: Response of MWCNTs toward pentanol at 100℃
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7.8 Summary Conclusions and Further work
A range of purified and modified CNT materials have been compared as resistive
sensor layers for their sensitivity to a range of gases and vapours at temperatures
between 40 and 250℃.
The extremely high surface area per gram values, chemically stablility, and semi-
conducting/ semimetallic electrical properties of CNTs indicate potential as the
basis for new sensor materials and devices. MWCNTs grown by a large-scale CVD
method were used to prepare a range of derivative and doped materials. These were
dispersed in a dilute aqueous solution and collected by dielectrophoresis between
gold interdigitated electrodes to form sensor devices. The density and resistance of
deposited networks was controlled by volume and concentration of the applied CNT
suspensions.
Tests at lower temperatures (40 and 100℃) with sensors based on a range of MWCNT
based materials and a range of gases indicated that sensitivities correlated to device
resistances. Sensitivities at low temperatures did not appear closely linked to the
identity of additives or doping materials. A further series of devices covering the
range of CNT materials but different CNT deposition densities were fabricated and
tested. These confirmed a general increase in sensitivity with increasing device resis-
tance. The resistance of the CNT networks appears to have little effect on response
and recovery times. The sensitivity of the sensor increases upon CNT dilution (re-
duction of network density). For SWCNT devices such behaviour is understood in
terms of percolation theory and the mixture of semiconducting and metallic SWC-
NTs, but it is not clear how this could apply to MWCNTs which show semi-metallic
properties. Deposition at lower densities may increase availability of, or gas access
to, MWCNTs with greater semiconducting character or less conductive but more
responsive defective structures. Although there appears to be a limit to how dilute
a MWCNT network can be created and still give a stable and reproducible response.
The auto recovery and over shoot seen especially with high resistance sensors may
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be due to joule heating effects in the presence of a negative TCR, which may have
been indicated by the slight increase in resistance between 200℃and 250℃. SWC-
NTs and PEI coated MWCNT senors appear to be able to retain greater stability
at lower network densities than is seen for other MWCNTs. The high resistance
seen for the SWCNT sensors may be due to the shorter length of the SWCNTs, and
the high resistance of the PEI coated sensors may be due to reduced CNT-CNT
or CNT-electrode conductivity. It might be interesting to determine whether other
polymers had similar effects on stability.
The tests generally tend to indicate a non linear dependence between sensor response
and target gas concentrations, with perhaps some evidence of saturation at the
higher concentrations used. It would be interesting to determine whether this non
linear response could be affected by the quantity of CNTs available i.e. network
density, although no clear indication of an effect is available from data for the ranges
covered in this work.
To accurately calculate sensitivity and response and recovery times the measurement
regime needs to allow sensors to reach or near approach steady state conditions. In
general the devices examined showed relatively slow response and recovery though
this was improved at the higher temperatures, especially for the Pt and Pd deco-
rated devices. Slow responses may relate to heterogeneity of the MWCNT surfaces.
Good response and recovery data could generate useful information on the kinetics
of sorption on the MWCNT surface but this would require long pulse times. Future
work might be directed at combining sensor response characteristics with sorption
kinetics. There exist reports on CNT gas absorption studies but differences in mate-
rials make correlation of the data with the sensor responses problematic. Attempts
were made as part of this study to obtain relevant sorption data by IGC (Inverse
Gas Chromatography) but issues with equipment function meant that such data as
was obtained would be of dubious value, and as such, has not been presented in this
thesis.
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Conditioning of the sensors by repeated exposure to NO2 was observed to reduce
the sensitivity toward NO2, while increasing the repeatability and reliability of re-
sponses.
Increasing the temperature of operation form 40 to 250℃ changes the selectivity of
the sensors. At 40℃, the response of the purified and sensors with metal additives
are very similar with both sensors showing the greatest sensitivity toward NO2.
Overall the data indicates little on no specific effects of coatings or dopings on the
response characteristics at low temperatures. However at elevated temperatures the
difference between the modified MWCNT sensor materials becomes more apparent.
Decoration with Pt and Pd nanoparticles was shown to increase the rates of response
and, in some cases, sensitivity toward hydrogen containing test gases (H2, NH3,
C3H6) at 200 and 250℃. An interesting further study would be to increase the
temperature of operation yet further to investigate the effect on sensitivity of gases
such as propene which show the greatest sensitivity at 250℃.
The mechanisms of sensing were investigated by comparing the response of vapours
with varying dispersive and polar contributions. At 100℃ the sensitivity toward
methanol with a large polar contribution was greatest, followed by pentanol with
the same polar O-H group but a larger hydrocarbon chain, and hexane which is a
non-polar molecule. The responses at 100℃ showed less evidence of effects related
to the presence or absence of metal dopants. However at 200℃ the difference in sen-
sitivity between the modified MWCNT sensors was increased with the sensors with
metal additives showing the greatest sensitvity to all of the analytes. At 200℃ the
responses for the Pt and Pd decorated sensors had characteristics indicative of the
catalytic activity of these materials in line with results for the other hydrogen con-
taining gases examined earlier with a catalytically activated mechanism operating
even at that relatively low temperature.
This enhancement at elevated temperatures for devices with Pt or Pd decoration is
consistent with catalytic enablement of hydrogen abstraction or transfer reactions.
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This may involve promotion of reduction processes at the CNT, possibly involving
changes to adsorbed oxygen species, and reoxidation during recovery after removal
of the reducing gas. The catalytic action of the Pt and Pd nanoparticles may
also promote the rate of processes involving the oxidising NO2 molecules, possibly
including decomposition of such, as evidenced by the faster response and recovery
characteristics for NO2 being accompanied by a somewhat reduced sensitivity for
these devices at high temperatures.
Leaving aside the anomalous results associated with pre-exposure to NO2, the re-
sponses seen to CO have been small. Although it is known that Pt at least can
catalyse CO oxidation processes it may be that the rates are lower than for the
hydrogen containing molecules or that the coupling of such electron transfers to
the CNT are less efficient when hydrogen is not involved. It would be interesting to
know whether increasing the catalyst loading, or further elevation of the temperature
could promote a greater response toward CO.
Chapter 8
Conclusion
8.1 Summary and Conclusions
In this work CNTs have been grown and specifically modified for the purpose of
creating a new generation of fire gas detectors. The CNTs were integrated into
various device architectures, both by direct positionally defined growth, and more
successfully, by dielectrophoretic deposition on pre-formed electrodes. The selectiv-
ity, sensitivity of the devices to selected gases found in fire situations was evaluated.
Injected catalyst CVD produced CNTs which grew in aligned mats perpendicular to
all suitable surfaces. Both the pure carbon and N-doped MWCNTs have a catalyst
particle at the root, partially dissolved into the quartz growth substrate. The pure
CNTs have a mostly external catalyst particle whereas the N-doped CNTs have
a more elongated catalyst particle enclosed within the CNT. The pure CNTs are
capped structures whereas the N-doped CNTs are open-tipped, sometimes blocked
by a catalyst particle. Increasing the nitrogen content of the feedstock caused the
CNTs to grow in denser but shorter mats. The N-doped CNTs were straighter
throughout the body of the mats than their pure carbon counterparts, but showed
a similar, disordered section of growth at their tips. The internal structure of the
MWCNTs also changed with nitrogen incorporation, acquiring several distinctive
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characteristics including a slight herringbone angle a larger internal volume and a
smaller number of graphitic shells. The slight herringbone structure led to a series
of internal caps or webs spanning the central core.
The growth of the CNTs is not uniform along the furnace tube, with more disorder,
less dense growth, and more amorphous carbon seen with increasing distance from
the injection point. This change in CNT quality can be attributed to the changes in
concentration of reagents as they are consumed by the growth of CNTs upstream.
The quality of the CNTs also varies through the thickness of the mat, with increasing
disorder seen with increasing distance from the root. Early stage growth studies
showed that the N-doped MWCNTs nucleated unevenly across the quartz substrate,
growing in small poorly supported clumps which became more sterically contained
as nucleation and growth proceeded. These initial stages of growth formed the curls
on top of the straight body of the CNT mats.
The growth of CNTs is very sensitive to the reaction parameters. Increasing the
carrier gas flow rate increased the CNT production and decreased the amorphous
carbon production up to 2000mlmin−1, increasing the flow rate further decreased the
growth density and length of the CNTs. Increasing the ferrocene catalyst concentra-
tion in the feedstock increased the density, length and straightness of the N-doped
CNTs, possibly due to a higher nuclation density and increased steric hindrance.
However, above 6wt%, significant amorphous carbon deposition was observed in
parallel with the primary CNT growth.
The experiments showed that a constant ferrocene supply is required for the contin-
uing growth of CNTs using the injected catalyst method. CNT growth quickly stops
upon removal of ferrocene from the feedstock, despite Fe particles remaining at the
roots of the CNTs. Growth from a pre-deposited Fe layer is hydrocarbon specific;
CNTs were successfully grown using acetylene but not toluene, xylene, ethanol or
methanol. One explanation is that toluene deposits only amorphous carbon, poi-
soning CNT growth, unless cracked by molecular ferrocene in the gas phase before
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arrive at the Fe catalyst particles. To produce aligned CNT mats using a prede-
posited Fe layer, the ratio of acetylene to carrier gas must be optimised and matched
to the catalyst layer thickness. A ratio of 200:1 Ar/H2:acetylene and a 1nm thick
Fe film produced the most aligned CNT mats. Thicker layers of Fe are thought to
create larger or agglomerated Fe particles on heating which are too large to support
CNT growth, preferentially producing amorphous carbon.
CNTs grown from predeposited Fe are difficult to connect into an electrical circuit,
and are also difficult to purify and modify. The focus for the creation of devices was
therefore shifted to the deposition of CNTs from suspensions.
Purification by acid reflux and basewashing removed much of the outer layer of
amorphous carbon and cut the CNTs into shorter sections. These CNTs were fur-
ther modified with metals or organic molecules. CNT and metal salt solutions
containing 0.2 or 2wt% of platinum or palladium were rapidly dried and reduced
under 10% hydrogen in argon at 100℃. The platinum particles deposited on the
CNT walls, predominately as individual particles 1-3nm in diameter, whereas the
Pd tended to form larger agglomerates. CNTs were also coated in polyethyleneimine
and copperphthalocyanine also using solution methods.
The sensitivity, selectivity and response times of the modified, injected catalyst
grown, MWCNTs was tested toward a series of gases. The sensors consisted of
50 pairs of interdigitated gold electrodes on a Si/SiO2 chip mounted onto a ceramic
heater. Varying densities of CNTs were deposited and tested in parallel in a resistive
mode. The temperature of operation was varied from 40 to 250℃.
The MWCNT gas sensors respond to a wide range of gases and vapours, showing
sensitivity to strongly electron donating and withdrawing molecules at room temper-
ature. However, response and recovery times are slow. For example, NO2 response
times were on the order of several hours, and recovery times of up to two days were
observed at a temperature of 200℃. Increasing the temperature of operation ap-
pears to change the dominant sensing mechanisms, with the sensors decorated with
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metal additives showing a larger sensitivity to all hydrogen containing gases and
vapours, but a reduction in sensitivity toward NO2. The sensitivity of the sensors
depends upon the resistivity of the CNT network, with response increasing almost
linearly with resistance in the range of ∼ 10 to ∼ 100Ω. However, there appears
to be a limit to how resistive MWCNT devices can be made without becoming
unreliable. The reduction in response, and the observed overshoot seen in the pres-
ence of electron withdrawing gases is likely to be due to joule heating effects in the
presence of a negative TCR, which may have been indicated at higher operation
temperatures. SWCNTs and PEI coated MWCNT sensor devices show a higher
resistance and therefore sensitivity to all gases whilst giving a repeatable response.
The higher resistance of the SWCNT sensor may be due to the shorter length of
the SWCNTs, where as the polyethyleneime coating may increase the CNT/CNT
or CNT/electrode resistance. Conditioning of the sensors by repeated exposure to
NO2 leads to a decrease in sensitivity but a more stable and reproducible sensor
response. Cross sensitivity is an issue with CNT sensors, CO causes an increase in
resistance when NO2 was not present and a decrease in resistance when NO2 was
present on the Pt decorated CNT surface. However, the detection of CO is known to
be particularly challenging, so this effect is of interest. Some of the work discussed
here forms the basis of a publication[172].
Comparison of absolute values of response between published work is difficult as
sensor preparation methods and CNT preparation methods vary. Articles often do
not state the resistance of the sensor, which plays a large role in the sensitivity
of the device, also pretreatment of the sensors is often not mentioned. Santucci
et al.[161] also used MWCNTs for their gas sensor which consisted of an aligned
mat of MWCNTs with resistance measured laterally through the mat. They gave
the best response of their sensor as a resistance change of approximately 20% at
165℃ for 100ppb NO2 above which concentration the response began to become
saturated. This compares to best responses of the dilute MWCNT sensor which
gave a response of approximately 6% to 50ppm NO2 at 100℃, and the PEI coated
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sensor gave a response of approximately 15% to 50ppm NO2 at 100℃. At 200℃ the
response towards 50ppm NO2 was around 10% for the Pt0.2wt% sensor. All re-
sponses being lower than than those stated in the Santucci article. However the
maximum temperature of response was very similar. Santucci et al.[161] also ob-
served an increase in resistance of their CNT sensor at temperatures above 250℃,
which was also indicated in this body of work. The x1000 difference in sensitivity
suggests that the measurement laterally through the CNT sample in the Santucci
article resulted in a stable higher resistance sensor without the joule heating effects
observed at lower operation temperatures which were reported for more resistive
sensors in this thesis. The lower response of the sensors in this thesis is likely to be
a result of the combination of Joule heating in the presence of a negative TCR.
8.2 Applications
The work in this thesis was intended to evaluate CNTs as fire gas detectors. Current
fire gas detectors are based on Pt electrochemical cells . The electrohemical cell has
advantages over other technologies due to its highly accurate, fast(∼20s) and linear
output to CO, with a sensitivity limit of ∼1ppm. It is operated at room temperature
so has minimal power requirements. However, uptake of this technology has been
low due to the high cost of the large platinum content in the cell. MWCNT gas sen-
sors have several issues to be overcome before they can be successfully integrated as
fire gas sensors. Room temperature response is a requirement for battery operated
detectors due to the power requirements of heaters, MWCNT sensors respond at
room temperature to strongly electron donating and withdrawing molecules. How-
ever, response and recovery at 40℃ is slow for all sensors to all gases. MWCNT
sensors also lack selectivity at room temperature, responding to both electron with-
drawing NO2 and electron donating NH3. Carbon monoxide is arguably the most
useful fire gas to detect as it is produced in all fires except those involving purely
electrical wiring. Purified MWCNTs sensors do not show a reliable response to CO
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but Pt decorated MWCNT sensors with no or very little NO2 present gave an in-
crease in response. Increasing the Pt decoration on the sensor surface may increase
this response to CO, however cross sensitivity with NO2 may still be an issue.
8.3 Future Work
Some work in this thesis relates simply to CNT synthesis. There are many unan-
swered questions regarding the growth mechanisms of N-doped CNTs and the for-
mation of their characteristic internal morphology. It would be interesting to also
study the elongated catalyst particles found in the roots of the N-doped CNTs.
TEM investigations could establish whether the particles become more elongated
with increasing growth time. The effect that the catalyst shape has on the inter-
nal CNT morphology and the change in internal morphology with increasing growth
time could be investigated by a systematic TEM study along the length of individual
CNT. Further investigation of the best ratios of ferrocene to toluene/pyrazine for
producing long, dense and straight CNTs could be undertaken. The current study
shows that the most promising ratio lies between 3 and 6 wt% of ferrocene.
Dense aligned growth from preplaced catalyst films between electrodes was one
aim of this thesis. However, growing a sparsely distributed network of CNTs just
above the percolation threshold could be a useful alternative strategy, and has been
demonstrated in the literature for SWCNTs[167, 168]. Low density MWCNT net-
works were investigated as sensing layers in this work and showed a larger response
toward gases and vapours than high density MWCNT networks.
Plain and modified carbon nanotube sensors responded toward many fire gases. Car-
bon monoxide was detected by the MWCNT sensor with Pt additives at 200℃ when
NO2 was not present on the surface, however the response was small. The effect of
a more heavily decorated Pd sensor on H2 sensitivity would be an interesting inves-
tigation as a greater decoration level may increase the sensitivity and could lower
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the temperature of response, making this sensor more suitable for fire gas detection.
There may still be issues with cross sensitivity in the presence of NO2. This is also
an issue with the electrochemical cells but this has largely been overcome with the
use of filters which may also be applicable to CNT sensors.
There is much work still to be done in verifying the sensing mechanisms of CNT
sensors. Downstream mass spectroscopy would provide evidence of the catalytic
reactions occurring on the CNTs, especially of the sensors with metal additives
above 200℃ for hydrogen containing analytes. Inverse gas chromatography was
investigated as a characterisation method for sorption kinetics which may correlate
to sensing kinetics. However, work is required in the optimisation of this equipment
for very high surface area materials such as CNTs.
The work presented in this thesis suggests many possible approaches to optimising
CNT based fire gas sensors. CNTs grown by injected catalyst CVD provide large
quantities of material for purification and modification. Deposition of these CNTs
over preformed electrodes is convenient, and work presented here has optimised the
deposition process for these CVD grown materials. As such, this method of sensor
device fabrication is suggested here for further work. The density of CNTs deposited
affects the sensitivity of the devices however, simply diluting the network results in
loss of repeatability. Polymer coatings such as PEI have been demonstrated to in-
crease device resistance and response at low temperatures. Metal additives improve
response and recovery times, therefore a combined approach to CNT modifications
could result in both larger and faster responses at low temperatures. Increasing the
level of decoration with metal additives may also reduce the optimal temperature
of operation of CNT sensors, although increasing metal decoration may result in
high material costs, as found with electrochemical cell devices. Alternatively, metal
decorated CNT sensors could be used as a high surface area electrode for CO detec-
tion in combination with an appropriate filter to reduce NO2 cross sensitivity. This
approach may improve response and reduce costs of existing sensor technologies.
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